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CHAPTER 1

Introduction

In four decades, genomics has transformed the biological sciences and has
penetrated well beyond them. The marriage of DNA sequencing tech-
niques and computational infrastructures built to handle, store and anal-
yse ever-increasing quantities of data has contributed to significant
developments in:

e Our understanding of human history through our relationship to
Neanderthals, Denisovans and other hominids (Piibo, 2014);

e Our appreciation of the extent and diversity of life previously unde-
tected by biological methods (Riesenfeld et al., 2004; Venter
et al., 2004);

e Forensic science, food tracing and nature conservation (Arenas
etal., 2017);

e Our picture of the Tree of Life and the evolutionary relationships
within it (O’Malley et al., 2010);

e The reclassification of diseases resulting in improved diagnosis, prog-
nosis and treatment options (Keating et al., 2016);

e Enhancements in the efficacy of selective breeding in agriculture
(Lowe & Bruce, 2019);

e The reshaping of the fundamental models and metaphors with which
we think about how living things develop and function (Keller, 2000).

© The Author(s) 2023 1
M. Garcia-Sancho, J. Lowe, A History of Genomics across Species,

Communities and Projects, Medicine and Biomedical Sciences in
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DNA sequencing has gone from being a highly specialised practice, requir-
ing considerable labour and skill, to being routinely applied in ordinary
laboratory work while also being conducted at great scale, speed and accu-
racy in factory-style genome centres. In the late-1970s, manually sequenc-
ing the tiny genome of a bacteriophage (a virus that infects bacteria) was
a monumental task, one that earned Frederick Sanger, who led the group
undertaking it, a Nobel Prize (Brownlee, 2014; Hutchison, 2007). The
determination of the whole human DNA sequence (commonly referred to
as the Human Genome Project) took more than a decade, at a cost initially
estimated at $3 billion. It started in the 1990s and concluded in 2003,
expanding in speed and scale throughout.

Progress since then has been so dramatic that, more recently, well over
fourteen million coronaviruses have been sequenced and shared via the
Global Initiative on Sharing Avian Influenza Data.! Another example that
illustrates how far genomics has come, is that the cost of sequencing a
whole human genome was estimated to be about £7000 in 2020, multiple
orders of magnitude below the original budget of the Human Genome
Project (Schwarze ct al., 2020).2

In 1999, four years before the Human Genome Project was officially
concluded, the National Center for Biotechnology Information of the
USA created a new database called RefSeq. The purpose of this database
was to serve as a centralised repository that would gather the ongoing
reference sequence of the human genome and those of other species com-
pleted or in progress. Those reference sequences were and still are curated
and freely released to the research community. They serve as canonical
representations of their designated species and are graded according to

Yhttps://www.gisaid.org/ (last accessed 29th November 2022). The COVID-19
Genomics UK (COG-UK) Consortium alone has sequenced over two million SARS-CoV-2
viruses: https: //www.cogconsortium.uk/ (last accessed 29th November 2022).

2Elsewhere, lower figures have been indicated (https://www.genome.gov/about-
genomics/fact-sheets /Sequencing-Human-Genome-cost, last accessed 29th November
2022), though these may not include the full range of costs involved in all aspects of the
sequencing process, including processing, storage and curation of the resulting data.
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their level of comprehensiveness, representativeness and quality (Ostell,
2013, pp. 72-74; Tatusova ct al., 2014, p. 135).3

The number of entries in RefSeq has grown exponentially, from com-
plete sequences representing just over two thousand different species in
2003, to 125,116 in November 2022.* On top of this, RefSeq also curates
and stores a higher number of partial sequences, as well as variants and
other versions of complete reference genomes. Life scientists from every
discipline all around the world can access the sequences and curatorial
metadata. In processing each existing and upcoming entry, RefSeq cura-
tors attempt to achieve a balance between respecting the differences across
the stored sequences while avoiding a Tower of Babel of different com-
munities producing separate datasets that would require considerable
efforts to integrate, use and compare outside their contexts of creation.
Yet in fostering this universal—or at least commensurate—language, some
of the distinctions between the individual reference genomes are flattened,
and indeed lost.

In what follows, we make some of these distinctions visible again by
looking at the history of the production of three reference genomes: those
of the baker’s and brewer’s yeast Saccharomyces cevevisine released in 1996
and published in 1997; Homo sapiens, published in 2001 as a working
draft and in more definitive form in 2004; and the pig Sus scrofa, initially
released in 2009 and published in 2012. Taken together, these three
genomes embody overlapping trajectories of change and differentiation in
the practices, goals, organisation and status of genomics research. While
yeast is both a model organism in basic biomedical science and a tool for
the brewing and biotechnology industries, pigs were mainly sequenced for

3RefSeq distinguishes “reference genomes”, “representative genomes” and “variant
genomes”. Throughout, when we refer to reference genomes, we are referring to objects
that are designated by RefSeq as “reference genomes” and “representative genomes”. When
the distinction between these becomes relevant in our narrative, we will specify which RefSeq
category we are referring to. For RefSeq, “reference genomes” are “manually selected ‘gold
standard’” high-quality complete genomes. “Representative genomes” are designated stan-
dard genomes for a given species of organism, while “variant genomes” constitute “genome
variations within the species” (Tatusova et al., 2014, p. 135).

4See https:/ /www.ncbi.nlm.nih.gov/refseq,/statistics/ (last accessed 29th November 2022).
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agricultural purposes, but also to serve objectives of human medicine—for
instance, helping organ transplantation. Sequencing H. sapiens became
the most prominent area of genomics, one believed to have potentially
invaluable clinical payofts.

By examining the substantially different ways in which these endeav-
ours were conducted across the three organisms, this book argues that
producing a whole-genome reference sequence was not always the
main—nor the universally accepted—objective of genomics, as the grow-
ing entries in RefSeq may suggest. What these now centrally curated
reference sequences represented, and the uses to which they were put,
also varied substantially across the communities that produced them, in
spite of the commensuration work of RefSeq and cognate institutions
and repositories.

The rest of this introductory chapter summarises the main features of
genomics and how it historically emerged from the practices that have
subsequently accompanied it and conferred its identity: mapping and
sequencing DNA, and processing the resulting data with information
technologies, including databases.® We then present the key concepts
and analytical tools that we use throughout the book and outline how
we develop them in the remaining seven chapters. We argue that popular
and scholarly accounts have tended to excessively emphasise the Human
Genome Project in the history of genomics, due to the perceived impact
and high profile of this initiative. We refer to this Human Genome
Project-centred history as the canonical, master narrative of genomics,
and relate its structure to the hourglass model that prior historiography
has applied to the study of heredity throughout the nineteenth and
twentieth centuries. As in the case of the study of heredity (Barahona
etal., 2010), the hourglass model aids the comprehension of the institu-
tional and infrastructural landscape of genomics, while falling short in
capturing its broader history. We escape the boundaries of the hourglass
model by looking at non-human genomic endeavours and documenting
the deep entanglement between the creation of reference genomes

> Our outline is necessarily brief and focused on the episodes and practices that we examine
in more detail later in the book. For more comprehensive reviews, see Miiller-Wille &
Rheinberger, 2012, Chs. 7-8; Morange, 2020, Ch. 27 and our timeline below (Fig. 1.2).
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and the communities that were involved in their production. We propose
the term genomicist to capture the crucial role of communities in the
construction of genomic data and materials, and highlight both inclusive
and exclusive mechanisms in the formation and operation of those
communities.®

1.1  Genowmics, DNA MAPPING AND SEQUENCING

The sequencing of DNA is the determination of the order of the four
‘bases’ along each of the two complementary strands of nucleotides that
wind around each other to produce the molecule’s double-helical struc-
ture: adenine, thymine, cytosine and guanine, known by their initials—A,
T, C and G. Sequencing is central to genomics. However, genomics
involves far more than just this, and sequencing can be conducted outside
of genomics research and for other biological molecules, such as RNA and
proteins. Indeed, while the history of sequencing—of proteins, RNA and
then DNA—can be traced back to the 1950s, 1960s and 1970s respec-
tively, genomics proper is recognised to have arisen only in the 1980s
(Garcfa-Sancho, 2010). Its antecedents were not only sequencing prac-
tices, but also the mapping of chromosomes (bodies containing DNA in
the cell), and the development of information technologies to process the
resulting map and sequence data.

Chromosome mapping dates back to the early twentieth century and is
conducted in order to find certain landmarks in them, such as genes (de
Chadarevian, 2020; Hogan, 2016; Rheinberger & Gaudilliere, 2004).” It
was known since the early days of mapping that genes constitute only a
small portion of chromosomes; after the discovery of the structure of
DNA in 1953, genes were increasingly identified with partial, specific seg-
ments of the nucleotide sequence within the chromosome. The third cen-
tral practice of genomics, the processing of the resulting map and sequence
information using databases and computational methods, started to be
applied to DNA in the 1970s. Similar practices involving other biological
and medical data, such as the elucidation of protein sequences or

¢Our central idea of entanglement between genomes and communities of genomicists
expands arguments that we formulated elsewhere, such as the distinction between ‘thin” and
‘thick” sequencing (Lowe, 2018) and the existence of different ways of sequencing that affect
the ontological status and affordances of the resulting sequence data (Leng et al., 2022).

7On the metaphor of the genome as a territory to be mapped, see Dreger (2000),
Gaudilliere and Rheinberger (2004) and Winther (2020), Ch. 8.
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the three-dimensional structures of proteins, can be traced back to the
decades following World War II (Strasser, 2019, Ch. 3; de Chadarevian,
2002, Ch. 4).

What makes genomics distinct from sequencing and these other prac-
tices, when they are considered separately? While it is important to avoid
the error of being too inclusive, there is also the risk that a strict and exclu-
sive definition of genomics can project the way that genomics developed—
or at least a particular trajectory of it—back on to the past. To put it
bluntly, there is a danger of a winner’s narrative: that those who succeeded
in making their vision of genomics a reality—or who are currently in
charge of the institutional manifestation of it—dictate the boundaries of
the field and project them retrospectively (Suarez-Diaz, 2010).

Areas of scientific endeavour, particularly ones with disciplinary names
and associated journals, databases, brick-and-mortar facilities and well-
funded institutions, are social and sociological phenomena. This means
that the demarcation and boundary work performed by influential social
groups and networks shapes the reality of the field. But scientific fields,
disciplines and other phenomena are not only social creations and objects
in this top-down political sense. They are also comprised of configurations
of methods, techniques, technologies, theories, models, research pro-
grammes and commitments, norms and the careers, interests and activities
of less-prominent scientists. These are no less infused with the social, cul-
tural and political, but they are elements that deny the exclusivity of elite
political, cultural and social mechanisms to define what scientific endeav-
ours like genomics are.

It is not our job to provide an exhaustive and authoritative definition of
genomics that takes account of these considerations. We can note, how-
ever, and show throughout this book, that the historical configuration of
genomics involved a multi-directional, often dialectic, interaction between
elite actors, less influential bench biologists and computer experts, all of
whom mobilised differing visions, methods and forms of organisation.
Genomics necessarily involves some form of sequencing and /or mapping
of the genome, wherein the products—in the form of data—are stored
and analysed using computational (informatics) infrastructures. To consti-
tute genomics, this must be associated with a more general effort to con-
struct a systematic representation of the genome, either in whole or in part.

The term ‘genome’ long antedates the idea of ‘genomics’, being coined
by the German botanist Hans Winkler in 1920 to denote “the haploid
chromosome set” (as translated in Lederberg, 2001). The haploid set
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constitutes one of each pair of chromosomes; so for humans that have a
total of 46 chromosomes made up of 23 pairs,? the haploid set constitutes
23 chromosomes. Scholars have noted that the term genome, and genom-
ics itself, aims to capture something comprehensive, a totality (Rheinberger
& Miiller-Wille, 2017; Stevens, 2013). Does this mean that something
can only be genomic if it aims at the complete mapping or sequencing of a
genome? Not necessarily. On the basis of achieving total completeness or
comprehensiveness, barely anything could constitute genomics.
Additionally, what constitutes completeness or comprehensiveness is not
fixed; as we see later in the book, but particularly in Chap. 7, the goal
posts are always moving. One may say that, as long as there is a concerted
effort being made towards that end, it is genomics. However, the indeter-
minacy of what constitutes the end-point means that there is no strict
criterion for ruling any given endeavour either in or out. The idea of a
process or journey towards a goal means that the line between ‘true’
genomics and mere sequencing and mapping is somewhat blurry. How
close does one need to be to the ever-receding end-point to be doing
genomics?

Instead, we prefer to recognise genomics through its systematicity and
its treatment of the genome as the substrate of its efforts. By systematicity,
we mean that there is some concerted—and often collective—effort to
identify and establish relations between multiple objects in and across the
genome. By substrate, we mean that the genome is the field of operations
for this activity: that which is to be mapped and the map itself. This does
not mean that the whole genome needs to be mapped—or sequenced—
for an effort to be deemed genomic. We distinguish systematicity from
comprehensiveness and argue that in the history of genomics—especially
during the early days—there were a substantial number of systematic but
not comprehensive efforts, in the form of concerted operations that only
addressed certain regions of target genomes.

Our criteria do not imply that all research that tries to identify genes in
the genome can be classed as genomics. If a molecular geneticist was able
to identify a gene that they had good reason to believe was implicated in

822 pairs of non-sex chromosomes, and typically one pair of sex chromosomes, XX or XY,
though numerous exceptions to these figures exist in humans, and the numbers and sets of
distinct chromosomes differ in other organisms. The full complement of 46 chromosomes in
humans is the diploid set. The meaning of ‘genome’ has, inevitably, shifted over time
(Keller, 2011).



8 M. GARCIA-SANCHO AND J. LOWE

some process in the cell, sequence that gene and then study the way it is
expressed—how it results in the production of a specific protein—this falls
well short of being genomics in both aspects of our guideline. It only con-
siders a single object in the genome. Even in cases where two or more
genes were involved in the process of interest, if the research does not
consider the relations between them in terms of them being objects in the
genome it would still not fulfil our second, ‘genome-as-a-substrate’ crite-
rion. If] instead, the researcher was using known products of genes relating
to a biological process of interest in order to identify and map multiple
DNA sequences across the genome—ideally in collaboration with other
laboratories—they would have shifted towards a more genomic way of
working. This is because the focus is now on the genome as a territory to
be mapped, rather than just on individual genes. Indeed, as we show in the
next chapters, this kind of activity and the communities that converged
around it became key drivers of genomics research from the 1990s onwards.

The invention of DNA sequencing methods in the 1970s was crucial to
the forging of genomics. One of the main pioneers was Frederick Sanger,
who had previously worked to discern the sequence of amino acids—the
fundamental building blocks of proteins—in insulin, for which he won the
Nobel Prize in 1958. He then moved on to RNA, the intermediary mole-
cules in the process by which stretches of DNA form the basis for the synthe-
sis of proteins with specific amino acid compositions. While other researchers
in the mid-1970s such as Allan Maxam and Walter Gilbert also developed
DNA sequencing methods, the technique that Sanger and his team devised
at the Medical Research Council’s Laboratory of Molecular Biology in
Cambridge (UK) became the dominant approach before the creation of
newer methods in the twenty-first century (Garcia-Sancho, 2012, Chs. 1-2).

Sanger’s technique required extremely time-consuming and labour-
intensive bench work, as well as considerable technical and interpretive
skills. The refinement of manual methods alongside increasing automation
of parts of the process—including the invention and ongoing improve-
ment of automated sequencing machines from the mid-1980s—enabled
more and more to be sequenced in less time (Garcia-Sancho, 2012, Chs.
5-6).7 As the 1980s proceeded, therefore, the quantities of DNA sequence
data were rapidly expanding year-upon-year.

?For an explanation of how the manual and automated sequencing techniques work, see
https://genomicsincontext.wordpress.com/dna-sequencing-and-its-history/dna-
sequencing-from-manual-biochemistry-to-industrial-genomics/  (last  accessed ~ 29th
November 2022).


https://genomicsincontext.wordpress.com/dna-sequencing-and-its-history/dna-sequencing-from-manual-biochemistry-to-industrial-genomics/
https://genomicsincontext.wordpress.com/dna-sequencing-and-its-history/dna-sequencing-from-manual-biochemistry-to-industrial-genomics/
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Alongside this were developments in mapping genes and other markers
on the chromosomes. Genetic mapping had been pioneered by Thomas
Hunt Morgan and his colleagues in the 1910s, working with the fruit fly
Drosophila melanggaster. As in most animals, Drosophila’s chromosomes
are paired in two sets within its cell nucleus. Morgan’s team observed,
tracked and recorded different variant traits—such as the eye colour or
wing shape—in many thousands of these flies, which were systematically
bred and assessed (Kohler, 1994). The traits were presumed to result from
different mutant versions of genes occurring across the chromosomes.

Morgan and his team exploited two facets of genetics: linkage and
recombination. Linkage means that certain genes are commonly inherited
together, which in the fly experiments meant that the associated traits were
linked across generations. Recombination, discovered by the Morgan lab-
oratory in their explorations of genetic linkage, happens during the cre-
ation of the sex cells (gametes), a process called meiosis in which the pairs
of chromosomes separate. In it, parts of one of a pair of chromosomes can
swap places with the corresponding parts of the other member of the pair.
This means that the linkage between genes can be broken.

Morgan’s laboratory realised that they could use this to find out the
relative positions of genes on the fly’s chromosomes: the further apart
genes were, the more likely it is that a recombination event would occur
between them, breaking their linkage. The frequencies of co-occurrence
of versions of particular genes could be used to ascertain their relative
proximity and order on the chromosomes. An array of relatively simple
traits inherited from parent to offspring fly—such as the aforementioned
eye colour and wing shape—enabled the group to map the Drosophiln
chromosomes and to further discern chromosomal dynamics in doing so.
These maps of estimated chromosomal positions started to be called
genetic linkage maps (see the upper part of Fig. 1.1).1°

It took several decades for this approach to be applied to humans.
When it did, inter-generational studies of families experiencing dispropor-
tionate numbers of cases of particular medical conditions could be used to
identify the kind of genetic basis underlying them and to perform some
analyses to assess the linkage relationships (Comfort, 2012; Lindee, 2005).

19They are also often referred to as just genetic maps, or linkage maps. Yet, for clarity, we
use the term genetic linkage map throughout the book.
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Fig. 1.1 Above, a genetic linkage map of the six chromosomes of the nematode
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Robert Horvitz and Jonathan Hodgkin in the 1970s, the decade that the chromo-
some workshops started. Below, a diagrammatic representation of how a physical

(continued overleaf’)
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This practice received a considerable boost when in the 1960s, molecular
biologists began detecting polymorphic (many-variant) genetic markers
that could be positioned on the chromosomal structures. These markers
provided a greater number of landmarks for identification and analysis of
variation beyond the small number of individuals suffering medical condi-
tions or showing morphological traits that could be observed with the
naked eye, and therefore mapped using the principles of genetic linkage.
As we show in subsequent chapters, from 1973, human and medical
geneticists periodically gathered in chromosome mapping workshops,
with the first one held at Yale University. These workshops enabled attend-
ees to systematically pool their mapping results—some of them obtained
through molecular methods—and achieve an increasingly higher resolu-
tion in the location of genes and other markers of mainly medical interest.!!

The first genetic linkage map encompassing the whole human genome
obtained through molecular markers—Restriction Fragment Length
Polymorphisms or RFLPs—was published in 1980. It deployed a type of
protein (restriction enzymes) that cleaved the DNA molecule at specific
sequence sites. When applied to DNA samples from multiple individuals,
if their sequences diverged, the cleavage would produce different patterns
of fragments. These different fragment patterns could be detected and
used to map the sequence-specific genome regions where the restriction
enzymes acted (Botstein et al., 1980). The same enzymes had been used
from the mid-to-late 1970s as part of the recombinant DNA technologies,
a suite of methods that enabled researchers to cleave and isolate specific
fragments of the genome of one organism and transfer them into another.

<
<

Fig. 1.1 map is produced from a BAC library and assembled into a sequence—in
this case, the reference sequence of the human genome. The physical map is the
third illustration starting from the top (“Organized mapped large clone contigs”)
and the sequence is the bottom illustration (“Assembly”). Above image: Reproduced
from Hodgkin, J, Horvitz, R, Brenner, S, Nondisjunction mutants of the nematode
Caenorbabditis elegans. Genetics, 1979, 91(1), 67-94: Fig. 1 on p. 70, by permis-
sion of Oxford University Press. Below image: Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Nature
(https:/ /www.nature.com/), Initial sequencing and analysis of the human genome,
International Human Genome Sequencing Consortium, 2001: Fig. 2 on p. 863

"The enduring impact of cytogenetics—the observation and analysis of chromosomes—
on genetics and genomics has been observed by Soraya de Chadarevian (2020) and Andrew
Hogan (2016) with particular reference to the medical context.


https://www.nature.com/
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For instance, as a result, human genes synthesising insulin—a protein used
for the treatment of diabetes—could be expressed in a controlled way in
bacteria (Rasmussen, 2014; Yi, 2015).

These molecular methods propelled the creation of a different type of
map in the 1980s. Rather than representing the approximate location of
genes and markers on the chromosomes—as the genetic linkage maps
did—this new map visualised a set of ‘physical” DNA fragments ordered as
overlapping lines across the genome (see the lower part of Fig. 1.1). In
organisms with larger genomes, the construction of these physical maps
required the prior generation of libraries to store and manage the thou-
sands of fragments into which the DNA contained in the different chro-
mosomes would be broken.

Producing a ‘DNA library’ or ‘genome library’ involves using restric-
tion enzymes and other recombinant techniques to insert DNA from the
organism to be mapped into the genome of another organism (Hutchison,
2007; Loenen et al., 2014). As well as functioning as warehouses of the
DNA inserts, the host organisms can also be used to amplify the fragments
to be mapped, multiplying their number. This is achieved through the
reproductive cycle of the host organism, which results in the production
of cloned copies of the original inserted DNA. The libraries can be
screened as well, for instance by hybridisation: using the property of
chemical complementarity by which, in a double-stranded DNA molecule,
adenines always bond with thymines and cytosines with guanines. Building
on this, a probe containing a specific sequence can be designed to detect
and locate particular fragments to which it will hybridise: chemically bond,
due to the complementarity of its bases.!2

In the early days of sequencing, viruses or circular chromosomes called
plasmids—present in bacteria such as Escherichin coli—were used as host
organisms for libraries, but these were limited in storage capacity. In 1987,
though, Yeast Artificial Chromosomes (YACs) were developed, offering
considerably larger storage capacity. Later, in 1992, Bacterial Artificial
Chromosome (BAC) libraries were created, with several quality-related
advantages over YACs to compensate for their smaller capacity.

Ordering the inserted DNA fragments of these libraries in physical maps
enabled researchers to isolate and access those fragments, which could be

12 Another key object in the use of genome libraries and genomics research more generally
is the primer. Primers are DNA fragments designed to specifically attach to a sequence and
trigger the amplification of a target genome region using the enzyme DNA polymerase. This
enables researchers to obtain multiple copies of a particular stretch of DNA they seek to
sequence, detect or otherwise investigate.
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used for sequencing purposes or any other sort of genetic experiment. The
overlaps detected between the fragments also allowed their assembly into a
reference sequence, as was done with the human and other genomes (see
lower part of Fig. 1.1). A central argument of this book is that the way in
which libraries were constructed, and mapping was combined with sequenc-
ing, crucially distinguished the production of the yeast, human and pig ref-
erence genomes, thus embodying different forms of organising genomics,
and affecting the potentialities and limitations of the resulting sequence data.

The growing ability to map and sequence DNA presented a problem:
what to do with the resulting data. In 1980, the first global database to
gather DNA sequences was launched. This was the Nucleotide Sequence
Data Library, sponsored by the European Molecular Biology Laboratory as
a shared repository to which the life sciences community could both sub-
mit their sequencing results and access the data contributed by others
(Garcia-Sancho, 2012). In 1982, the US National Institutes of Health
(NIH) created an equivalent repository—GenBank, on which RefSeq
would later be built—and, two years later, the DNA Data Bank of Japan
started its operation. During their early years, these repositories struggled
to keep up with processing the increasing quantities of sequence data being
produced, while simultaneously having to confront the problem that much
of what was being produced was kept by the laboratories that performed
the work and not shared with the wider community. In 1987, the three
databases reached an agreement by which their entries would be mirrored
and users would be able to access the same information regardless of the
repository they queried. Their curators also started persuading journal edi-
tors to make submission to one of the databases compulsory ahead of the
publication of new DNA sequences, something that became increasingly
customary in the 1990s (Strasser, 2019, Chs. 5-6; Stevens, 2018).

That same year of 1987, the journal Genomics was founded. It was co-
edited by prominent medical geneticists Victor McKusick and Frank
Ruddle, who in the previous decade had played a leading role in organis-
ing the first chromosome mapping workshop at Yale University. The first
editorial of Genomics, entitled “A new discipline, a new name, a new jour-
nal” stated that mapping and sequencing DNA should go “hand in hand”
since both practices had the “same objective”. McKusick and Ruddle
regarded mapping and sequencing genes as “the way to go” and the
resulting sequence data as the “ultimate map” or the “Rosetta Stone”
from which “the complexities of gene expression in development” could
be discerned and the “genetic mechanisms of disease interpreted”. For the
“newly developing discipline” of mapping and sequencing DNA, the
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co-editors “adopted the term GENOMICS” (McKusick & Ruddle, 1987,
p. 1, capitals in the original; see also Kuska, 1998). In the late-1980s and
especially the 1990s, Genomics established itself as a platform for the dis-
semination of mapping and sequencing results, along with other journals
that reported on the progress of ongoing genomic research.

At this time, scientists and administrators began to consider the full
mapping and sequencing of the genomes of different species. Already in
the late-1970s, the tiny genomes of viruses had been sequenced, but the
scale-up to even bacteria was daunting given the skills and time that the
existing techniques required. From the mid-1980s onwards, however, seri-
ous proposals to map and sequence the human genome were presented
and a number of national programmes began. As we show later in the
book (Chap. 3), the most ambitious of these was the Human Genome
Project (HGP), which started as a joint endeavour of the NIH and labo-
ratories of the Department of Energy of the USA.

By 1990, an array of human and non-human genome projects were
underway. Some, like that for the nematode worm Caenorbabditis elegans
and the American side of yeast genome sequencing, were conceived as
pilots for human genome sequencing, allowing methods and approaches
to be tried and evaluated, then adapted and improved for the bigger task
of tackling a larger genome. Others, like the European side of yeast
genome sequencing (Chap. 2), and the mapping of the pig genome (Chap.
5), were driven by the research aims of particular communities of scientists
working on the biology of those organisms. As we argue, it was in the
specificities of the interactions between these communities and their target
genomes where differences between the genome projects arose and dis-
tinct ways of practising and organising genomics were configured (for a
timeline illustrating milestones in the history of genomics across these
species and some select others, see Fig. 1.2).

Genomics came into the public spotlight with the ambitious plans to
sequence the entire DNA of humans. These plans—and particularly their
materialisation in the HGP—have, quite naturally, attracted considerable
attention both in scholarly and non-scholarly literature. In the late 1990s,
the US programme coalesced with other initiatives into a transnational
effort to determine a reference sequence of the whole human genome.
The label HGP was kept, but the meaning of this, in both the popular
imagination and for the scientists and administrators involved, shifted
from the national US project to designate a broader, multi-national
endeavour (Fortun, 1999). The reference sequence was published between
2001 and 2004 by an International Human Genome Sequencing
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Consortium (IHGSC) formed by institutions from different countries,
mainly the USA, UK, France, Germany, Japan and China (Chap. 4).13
This was heralded as the entry of biology into the world of big science
(Collins et al., 2003; Glasner, 2002; Hilgartner, 2013), a term
characterising large-scale, coordinated scientific projects usually in the
physical or engineering sciences, such as the World War II Manhattan
Project, the Apollo space programme, or the creation and operation of
CERN, the European centre for nuclear research (Barnes & Dupré, 2008,
p. 43; Lenoir & Hayes, 2000).1*

A central thesis of this book is that the excessive emphasis on the deter-
mination of the human reference sequence has led the history of genomics
to be presented in a somewhat narrow fashion. By focusing on genomic
work concerning non-human species—namely yeast and pig—and outside
the HGP framework, we aim to capture a more richly-textured trajectory
in which genomics forked, diversified and permeated in different ways
across many areas of the life sciences and the world beyond them. We do
this, in part, by unpacking the history of certain aspects of genomics that
have come to be conceived of'in a teleological manner: that they were cre-
ated or happened in a certain way because that is how genomics would
inevitably develop. These include the multiple possible ways in which
genomes can be sequenced—with the HGP representing one strategy
among many—and the diverse nature and utility of the reference sequences
that are available today in the RefSeq database.

13 As noted above, the name Human Genome Project and the acronym HGP are com-
monly used to refer to both the specific US programme and the later international initiative.
In the remainder of this introductory chapter, our usage of HGP aligns to the latter sense: a
coordinated effort that led to the production of the human reference sequence. Later in the
book, and particularly in Chap. 3, we distinguish between the US human genome pro-
gramme and later developments, designating the former as ‘US-HGP’ and differentiating it
from the effort led by the International Human Genome Sequencing Consortium (the
THGSC endeavour).

" Some scholars of the life sciences query the novelty of the big science designation, draw-
ing upon historical examples of large-scale coordinated endeavours that very much predated
the HGP—and indeed the Manhattan Project—such as eighteenth-century voyages of discov-
ery, surveys of the natural world, concerted ecological research programmes and networks of’
collection and information exchange—for example, associated with great museums, botanic
gardens or around figures such as Charles Darwin (Aronova et al., 2010; Capshew & Rader,
1992; Strasser, 2019; Vermeulen, 2013). Others, while recognising that genomics does
indeed constitute something new, highlight key differences between the way ‘Bigness’ mani-
fests in the life sciences, in comparison to the physical or engineering sciences. The reasons for
collaborating, and for forming networks and /or centralised facilities or resources, differ across
the sciences, and even within the life sciences (Vermeulen, 2016; Vermeulen et al., 2013).
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Based on the idea that the human reference sequence is often conceived
of'in a totemic manner, we now draw analogies between an HGP-centred
history of genomics and the hourglass metaphor that some scholars have
used to model and interrogate the history of heredity (Barahona et al.,
2010). In this hourglass representation, there are two periods featuring
heterogeneous activities conducted by a wide array of actors, one before
and one after a bottleneck which is narrower in both content and partici-
pation. In the case of genomics, the neck of that hourglass corresponds to
the later stages of the HGP (1996-2003), an initiative that has shaped the
institutional landscape and infrastructures for mapping and sequencing
endeavours well beyond itself. In what follows, we look beyond that nar-
row neck, and past an hourglass-based view of genomics more generally.
We do this by paying attention to the needs and objectives of some often
overlooked communities of researchers and the interactions they have
with their target genomes, of both human and non-human species.

1.2  MovING AWAY FROM A HuMAN GENOME
PRrOJECT-CENTRED HISTORY OF GENOMICS

Since its inception, genomics has been an area with a significant concentra-
tion of humanities and social science scholarship. In 1988, a programme to
examine the ‘Ethical, Legal and Social Implications’ (ELSI) of genomics was
announced by James Watson, co-discoverer of the double helical structure
of DNA and then head of the NIH Office for Human Genome Research.
ELSI was formally launched in 1990 and awarded no less than 5% of the
budget that the NIH would devote to human genomics. Other programmes
encompassing ‘Ethical, Legal and Social Aspects’ were also launched in the
early years of genomics. The one sponsored by the European Commission
began as a small element of the second Framework Programme for Research
and Innovation, running from 1987 to 1991. Projects and collaborations
aiming to analyse the socio-ethical dimensions of genomics were particularly
strong in the USA, UK, Netherlands, Germany and Canada.'®

Sociological and ethical studies of human genomics have been particu-
larly prominent, reflecting the societal concerns about the implications of
the new technologies and the use of sequence data (e.g. see Gannett,
2019). These investigations have taken advantage of the possibility to pur-
sue ethnographic approaches, examining the decision-making,

15See, for instance, Kevles & Hood, 1992; Sloan, 2000; Glasner & Rothman, 1998;
Atkinson et al., 2007.
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organisation and re-configuration of this new science as it happened
(Hilgartner, 2017; Stevens, 2013). Histories have also been published,
initially by people close to those involved, for example, Robert Cook-
Deegan’s The Gene Wars (1994; see also Gaudilliere & Rheinberger,
2004). Philosophical accounts have explored the re-interpretations of the
role of genes and genetics in the development of organisms in the light of
the findings of genome projects (Keller, 2000; Moss, 2003). This includes
aspects such as the smaller than expected number of human genes, the
definition and identification of ‘functional elements’ (for example in the
ENCODE—Encyclopedia of DNA Elements—project) and the so-called
‘missing heritability’ problem (e.g. Gritfiths & Stotz, 2013; Guttinger &
Dupré, 2016).

The existing historiography of genomics has been dominated by a par-
ticular phase of the HGP: that between the internationalisation, and radi-
cal scaling and speeding up of the project in the mid-to-late 1990s and the
‘completion’ of the reference sequence in the early 2000s. This was indeed
the phase in which the vast majority of the data was produced. It was made
especially salient by the story of a ‘race’ between the IHGSC, funded by
an array of public bodies and charities, and the competing corporate effort
led by Celera Genomics and its charismatic and controversial head, Craig
Venter (Davies, 2001).1¢

This phase was one in which an extraordinary concentration of sequenc-
ing capacities was effected in a small number of institutions, with large and
increasing numbers of sequencing machines, and ever-developing pipe-
lines to produce, assemble and assess sequence data. Pipelines are series of
successive software tools and algorithms configured to refine and validate
inputs from sequencing to enable the resulting data to undergo further
processing and be integrated into data infrastructures. In those pipelines,
the sequences are assembled, with the parts growing smaller in number
and larger in size, and more connected to each other (Fig. 1.1, bottom
illustration). Many smaller laboratories and centres that had been involved
in the earlier stages of human genome mapping were progressively side-
lined from the effort. The advent of the reference genome heralded an era
that became commonly known as ‘post-genomic’, reinforcing the equa-
tion of genomics with the HGP. ‘Post-genomics’ constituted an emer-
gence from the narrow tunnel of the human reference sequence.

1©The metaphor of a race has been criticised by Bartlett (2008), and the framing of com-
petition between private and public sector projects—and values—has been qualified by other
scholars (e.g., Fortun, 2006; Garcia-Sancho, Leng, et al., 2022; Maxson Jones et al., 2018).
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The canonical history of genomics—with its emphasis on the HGP—
can be portrayed as an hourglass. In its upper part, there were a number
of collective efforts to map the human genome and sequence those of
other ‘pilot’ organisms such as yeast and the worm C. elegans. These
efforts involved heterogeneous collections of institutions, some specialis-
ing in genomics, and others concerned with particular aspects of biology,
such as anthropology, evolution, cell biochemistry or medical genetics.
The later stages of the HGP from 1996 to 2003 constitute the narrow
neck, tapered in because of the smaller number of institutions involved,
the singularity of the aims of the programmes, and the radical abstraction
of the potential genomic variation that was being captured in a single,
consensus reference sequence. Then, in the lower part of the hourglass,
there is an opening out to the world of post-genomics (Fig. 1.3, left).

This hourglass model refers to both the scope of genomics and the
historical trajectory that the HGP-centred narrative conveys. According to
this narrative, the pre- and post-genomic stages were wider in their range
of activities and institutional variety, with the HGP resembling the hour-
glass neck through its focus on the production of a reference sequence at
specialist genome centres. This narrative projects a winner’s history in
which the HGP is an obligatory passage point through which the sand in
the hourglass flows: it is both the triumphant culmination of the pre-
genomics stage and the opening to the post-genomic world.

The metaphor of an hourglass has also been used to productive effect
when considering the history of the scientific study of heredity. In the sec-
ond half of the nineteenth century, this research deployed a broad concep-
tion of heredity. In this, the roles of environment and inter-generational
processes operating at different levels were explored and used to explain
observed hereditary phenomena across a range of contexts. The advent of
genetics as a discipline narrowed this sense of heredity, and also restricted the
range of potential causal factors investigated and appealed to from the early
1900s onwards. This funnel effect, which was strengthened with the estab-
lishment of DNA as the genetic material, is what historians identify with
the neck in the hourglass representing the study of heredity (Fig. 1.3,
right). Then, later in the twentieth-century and into the twenty-first, the
concept of heredity has once again been opened up and linked with exami-
nations of organismal development, epigenetics, evolution and interactions
with the environment, to produce new configurations such as evolutionary
developmental biology. These remove the partitions between a version of
heredity understood in terms of the inter-generational transmission of
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genetic material and other objects of biological research. We are now very
much in the wider, lower part of the hourglass (Barahona et al., 2010).

While recognising the general utility of this metaphor, in making it
explicit, its proponents have specifically interrogated the potential
value and limitations of the hourglass model in the historiography of
heredity. Could the hourglass be a “historiographical artifact” resulting
from “historical research centered on a few actors and fields, most of them
located in the American and British scenarios” (Barahona et al., 2010,
p. 7)? Indeed, heredity was implicated in a wide range of endeavours
beyond the mainstream genetics research that has traditionally been the
focus of historical (and social scientific and philosophical) inquiry: medi-
cine, agriculture, anthropology, genealogy, natural history and taxonomy,
physiology, embryology and evolution. However, a cautious and critical
use of the hourglass model has enabled its proponent historians to advance
knowledge on these endeavours without neglecting the role and influence
of the narrow neck representing genetics research.!”

It is in this heuristic way that we intend to approach the hourglass
model in the history of genomics. As we show later in the book, the effects
of the HGP in the history of genomics are visible and self-evident. Key
current institutions and infrastructures, such as RefSeq, were the products
of its momentous impetus. The infrastructures, processes and materials
produced through the HGP also shaped contemporary and subsequent
genome initiatives, such as the sequencing of the yeast and pig genomes,
respectively. In the USA, the NIH made the yeast initiative part of its
national human genome programme: it was a pilot project through which
technologies were developed and tested during the early-to-mid 1990s,
thus preceding the intensive sequencing phase of H. sapiens (Chap. 2).
Later on, in 2003, the Swine Genome Sequencing Consortium was

17 Additionally, the hourglass model enables its proponents to unveil and scrutinise the
tension between the desire to draw long-term lineages on the one hand and historicise and
contextualise work in particular eras and domains on the other. One may want to trace the
ways in which aspects of the upper part of the hourglass still survived and manifested in the
neck, and were related to new developments in the lower part. But this should not come at
the cost of equating twenty-first century interest in concepts of epigenetics with analogous
examples of the ways that scientists connected organismal development and evolution in the
late-nineteenth century (Barahona et al., 2010). This problem is not exclusive to historians:
some scientists seek to draw historical parallels between their own interests and the ideas and
practices of their predecessors (Scott Gilbert and Brian K. Hall are excellent examples of
modern biologists interested in nineteenth century organismal development, see 1991 and
2009 respectively).
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formed. It made use of the infrastructures and processes developed at the
Sanger Institute, a leading member of the IHGSC (Chap. 5). It was lead-
ing members of the IHGSC that advocated for the subsequent transition
to a ‘post-genomic’ era. When depicting this transition, its advocates often
implicitly deployed an hourglass metaphor, with the HGP featuring in the
narrow neck (Fig. 1.4).

Yet, however influential, the organisational model of the HGP, with its
emphasis on concentration and maximised rates of production, was just
one among other forms of genomics that historically emerged throughout
the 1980s and 1990s: we argue that it was an unusual and rather excep-
tional one (Chap. 3). The other configurations demonstrate that the his-
tory of genomics is more complex and richly textured than the master
narrative of the HGP and its representation in hourglass form may sug-
gest. In order to appreciate this multifaceted history and its multiple gene-
alogies, we need to look beyond the HGP and examine genome projects
in human and non-human species that occurred before, during and after
it. Another crucial way of moving beyond the restrictions of the hourglass
model is placing the communities that produced the genomes—rather
than the sequence end products—at the centre of our history.

1.3 “THICK SEQUENCING’, COMMUNITIES
AND ‘GENOMICISTS’

This book and the long-term historical narrative it encompasses enables us
to probe, expand and develop a number of conceptual tools. While we use
some of them for the first time here, we had originally proposed others
elsewhere. Among the latter, we extend our distinction between #hin and
thick sequencing from its original context in making sense of pig genomics
(Lowe, 2018), out to the history of genomics more generally. Thin
sequencing is the compilation of the string of DNA nucleotides in order,
while thick sequencing comprises all the processes, materials and organisa-
tional configurations that make the products of genomics—including the
‘thin’ sequence, but not limited to it—usable by a variety of potential
actors. Thin sequencing is a feature of the narrowest point of the neck of
the hourglass: it is the determination of the order of bases, whether manu-
ally or in a more automated way. This is not necessarily a simple task, as it
requires the interpretation of recorded signals that are not always unequiv-
ocal. To understand the nature of genomics, however, and how its result-
ing outcomes can be taken up by different users in distinct ways, examining
this part of the process alone is insufficient.
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Capturing the thickness of sequencing means examining the obtaining
and selection of DNA, its storage in DNA libraries, its mapping, the choice
to sequence DNA fragments (clones) in YAC, BAC or other types of
library, the extent of the coverage of the genome, and the selection of
particular areas for more or less rigorous sequencing.!® The sequences so
generated then need to be assembled and annotated. All of these steps
require decisions about what is to be abstracted from the variation that the
different individual genomes exhibit in nature and what variation is to be
represented in the final result. There are more stable aspects of this pro-
cess, such as common pieces of software, sequencing and informatics pipe-
lines, quality and validation standards, but the products also depend on
the decisions and choices made in the whole thick sequencing process
(Lowe, 2018). It is the thickening of our historical approach to sequenc-
ing—by focusing on practices such as library construction, mapping and
annotation—that enables us to probe the hourglass representation and
examine processes, trajectories and lineages beyond the narrow (thin) neck.

Through a thick sequencing framework, the differences between
sequencing endeavours across species and how this affects the outcomes of
genomics research—including reference genomes—become more mani-
fest. One of the ways in which we capture these differences is by exploring
the participation—or lack thereof—of particular communities of scientists
in the production of reference genomes. These communities can be iden-
tified by coalescence around a particular object, such as a species, and /or
a biological unit of it such as a cell. Additionally, or alternatively, they can
be oriented around one or several biological processes such as heredity in
the case of genetics, evolution or particular molecular mechanisms. These
alliances are usually cemented and reinforced by common disciplinary
membership and training, and participation in modes of scholarly com-
munication and interaction such as a particular set of journals and confer-
ences. These communities typically share “epistemic cultures”
(Knorr-Cetina, 1999), and the extent of collaborative relations will be
denser within members of a given community than between members of
different communities.

¥ Coverage relates to the depth of sequencing: how many times on average that any given
nucleotide in the sequence has been determined. 2X coverage means that, on average, a
nucleotide will have two data points, 5X, five, and so on. Higher numbers would be more
likely to iron out any random errors, resulting in a higher quality sequence.
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There is no hard-and-fast rule for drawing the boundaries of particular
communities, and weaker supra-communities or more specific sub-
communities can also be identified. The notion of a community has long
interested historians of science and scholars working in Science and
Technology Studies (e.g. Shapin & Thackray, 1974). From the early days
of both fields, a considerable amount of literature has explored the factors
that lead scientists to group into communities and the dynamics of those
groupings, from growth to stability, amalgamation, fragmentation or dis-
appearance. Various mechanisms that glue communities together have
been highlighted, among them common styles of thought or ways of
knowing (Harwood, 1993; Pickstone, 2000), shared moral economies or
working worlds (Agar, 2020; Kohler, 1994; Strasser, 2011) and particu-
larly intense collaborative relationships (Vermeulen et al., 2013).

When we deploy the notion of community in this book, we refer to
particular sets of individuals, laboratories and associated research practices
converging around the description of a genome. Many of these consciously
self-identify with communities, acting in concert to launch programmes
and initiatives, and featuring specific conferences and venues of publica-
tion in common. Yet these communities are not homogeneous, and they
may not exhibit the same characteristics or level of resolution. For instance,
the community of yeast researchers we discuss (Chap. 2) is more hetero-
geneous than the medical geneticists we also survey (Chaps. 3 and 4). The
pig genome community that we introduce (Chap. 5) is and was much
smaller than both of these, but is in many respects broader, featuring dif-
ferent kinds of disciplinary backgrounds and researchers who have worked
on other species, in addition to the pig. But, as we show, it was no less
coherent a community for all that and acted as a community in shaping the
genomics of their chosen species in a decisive and consequential manner.
Genomics, and the object of a genome, can only be understood in relation
to particular communities that it shapes as well as being shaped by, and
wider social and technical configurations that it also impacts.'®

¥The notion of “working worlds”, introduced by historian of science Jon Agar, helps us
understand this entanglement between genomes and communities. Working worlds are
spheres of activity that pose and frame particular problems, which scientists tackle by con-
structing and working with abstract representations (Agar, 2012, 2020). In this book, we
consider the working worlds of medical geneticists that engage with real patients and the
clinic, livestock geneticists that orient towards the needs of selective breeding for agriculture,
and the development and use of one of a handful of model organisms in the biological sci-
ences: yeast. What the reference genomes arising from these working worlds represent—and
the problems that they are meant to address—varies significantly.
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Our notion of communities builds on scholarship that considers the
genome a rhetorical and practical space, as much as a material object
(Szymanski et al., 2019). In this space, pre-existing scientific groupings
can converge or fragment. Those, like the yeast biologists, who are more
successful in defining and shaping the genome in their own terms, are in
turn further unified by their orientation around the object of the genome.
Human and medical geneticists, by contrast, formed a genome commu-
nity that differed from the one assembled by the participants in the HGP.?°
This rhetorical and pragmatic definition enabled us elsewhere to highlight
different characteristics of genomics research depending on the communi-
ties involved with a given genome: a strict separation of producers and
users in the case of the human reference genome (Garcia-Sancho, Leng,
et al., 2022), different degrees of proximity and distance between yeast
sequencing and particular research goals (Garcia-Sancho, Lowe et al.,
2022) and processes of bricolage or reuse of tools and resources that were
deployed in the generation of the pig reference genome (Lowe, Leng,
etal., 2022).

One conclusion arising from this community framework is that genom-
ics can be regarded as a set of tools that enable groups of scientists to do
different things and achieve different objectives with their target genomes
(Lowe, Garcia-Sancho, et al., 2022). Throughout the remaining seven
chapters of this book, we propose the notion of yeast, human and pig
genomicists as (often collective) subjects that make the history of genom-
ics. In this process of construction, the genomicists mould their target
genomes according to their necessities. They thus shape what these
genomes represent and what they can do with them, sometimes quite
consciously and deliberately.

This focus on communities of genomicists allows us to discern greater
diversity and complexity in the history of genomics. In what follows, we
show that yeast, human and pig genomicists have exhibited different
mechanisms of inclusion and exclusion of particular sets of scientists and
institutions. These have shaped each community differently and changed
their compositions—and sometimes their roles—over time. The

20Tn this way, the genome is analogous to the “epistemic space” that was opened up for
heredity and its scientific investigation in the mid-nineteenth century, giving rise to the his-
torical trajectory that has been analysed through the hourglass model (see above). While
narrower than the space of heredity, the genome shares heredity’s “depend[ence] on a vast
configuration of distributed technologies and institutions connected by a system of exchange”
(Miiller-Wille & Rheinberger, 2007, p. 25).
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genomicists working on S. cerevisine were relatively stable before, during
and after the production of their reference genome, while in H. sapiens the
leading genomicists of the early days were replaced by a different commu-
nity based at specialist genome centres. For S. scrofa, the range of genomi-
cists expanded, due to the convergence of a longstanding community of
pig geneticists with practitioners from one of these specialist genome cen-
tres. These different trajectories further show that the history of genomics
cannot be reduced to a single framework or periodisation.

Previous historiography has narrowly focused on a few, homogeneous
genomicists: the participants in the HGD, recipients of the grants to deter-
mine the human reference genome and heads of the new institutions of
genomics research: the genome sequencing centres. By looking at other
less visible genomicists—those working on non-human organisms and
beyond the HGP framework—we emphasise their agency as historical sub-
jects and their capacity to pursue their own goals rather than following a
teleological, pre-defined pathway. It is in the specificity of those goals and
their agency in pursuing them where the interactions between the genomes
and their communities occur and we identify trajectories and lineages that
diverge from the canonical history of genomics. In other words, when a
heterogeneous and inclusive array of genomicists is considered, genomics
becomes something other than a static, retrospectively constructed field: it
becomes a science (and history) in the making.

1.4  OUTLINE OF CHAPTERS AND STRUCTURE
OF OUR ARGUMENT

The book is divided into three parts, comprising two chapters each. Taken
collectively, these three parts de-centre the historiography of genomics:
from a focus on H. sapiens, from an emphasis on the HGP; and, finally,
from excessive attention to the determination of DNA sequences them-
selves (what we defined above as ‘thin sequencing’).?! We achieve this by

21 On other de-centring exercises in the historiography of science, see Andrew Cunningham
and Perry Williams’s work on the early-modern period (1993). They argue that what is now
considered to be modern science did not emerge out of a single, sudden and epic event such
as the so-called Scientific Revolution. Instead, there were a series of more gradual transfor-
mations that, over the sixteenth and seventeenth centuries, led to forms of knowledge-
production more in line with our current understanding of science. A similar argument can
be made with the HGP: however revolutionary and epic this event is presented, it does not
in itself fully capture the emergence of genomics research.
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exploring genomic endeavours around yeast, human and pig—including
their reference genome projects—that started in the mid-1980s and con-
cluded towards the late-2010s.>> The sources that have enabled us to
reconstruct these endeavours are oral histories, published literature—
including scientific, administrative and policy reports—and archival mate-
rials. For the oral histories, we approached individuals ranging from Nobel
Prize-winning scientists to administrators, lower-profile researchers and
those devising and running the infrastructures of genomics. Our archival
sources include catalogued and uncatalogued collections, as well as grey
literature (see Appendix A and Appendix B at the end of the book for a
complete list). We have also found extant and archived web pages to be
useful in reconstructing parts of the history of genomics that had a lower
public profile and lack an extensive secondary literature concerning them.

Part I of the book addresses what we call the distributed model of
genomics. It starts with an account of the determination of the reference
sequence of yeast: a non-human genome project that ended in 1996, just
before the scaling-up of the HGP. The yeast effort enables us to show a
greater variety of institutions and ways of organising mapping and sequenc-
ing practices than the ones behind the production of the human reference
genome. Chapter 2 documents how institutional and organisational diver-
sity was especially manifest in the European Commission-funded Yeast
Genome Sequencing Project, which was not intended to serve as a pilot
for the HGP, as the NIH §. cerevisine genome programme was.

Similarly, a focus on the collective and systematic mapping work that
preceded the large-scale sequencing characteristic of the latter stages of
the HGP reveals a variety of heterogeneous human genome programmes.
As we argue in Chap. 3, the HGP was but one among those many pro-
grammes: its focus on the rapid, industrial production of a reference
sequence of the whole human genome was a particular—and rather singu-
lar—characteristic that distinguished the HGP from the others. The other,
non-HGP programmes were more collective and inclusive of existing

220ur choice of these three species is necessarily selective, but as noted above encompasses
different kinds of organisms used in distinct domains. Likewise, we have had to be selective
in the choice of genomic projects and geographical scope concerning these species. Our
focus on international initiatives—particularly those supported by the European
Commission—has allowed us to provide an overview of the history of genomics that involves
many different countries. In spite of this, further research on other species and geographical
settings—most pressingly, Asia—would be valuable to complement and develop the argu-
ments and perspectives that we raise in this book.
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communities of medical geneticists. In order to accelerate the production
of the reference sequence, the IHGSC that conducted the later stages of
the HGP sidelined a large proportion of human and medical genetics
institutions from its operation, starting in 1996. Yet these human and
medical genetics communities continued their genome efforts, thus form-
ing trajectories that the canonical winner’s history of genomics overlooks.

Part II compares the production of the human reference genome with
those of other species, especially the pig S. scrofn. Chapter 4 presents a
main participant in the production of the human reference sequence: the
Sanger Institute. Chapter 5 shows how this institution also played a major
role in the subsequent sequencing of the pig genome that started in 2000,
three years after the HGP was deemed concluded. At a first glance, the pig
genome thus seems to be strongly modelled on the HGP. Yet, the broader
history of pig genomics allows us to qualify that impression. If we take
into account the early pig genome mapping work, started at the same time
that the HGP was in the 1990s, we see that the scientific communities
working on the agricultural genetics and immunogenetics of S. scrofir were
intensely involved then and, unlike human and medical geneticists, con-
tinued to be. Indeed, institutions working on the genetics of pig immune
response and traits relevant for selective breeding processes were impor-
tant drivers and participants in the Swine Genome Sequencing Consortium
that organised, managed and coordinated the reference genome work.

Taken together, Chaps. 4 and 5 continue the de-centring exercise that
we started in Part I. In this case, the de-centring is not only due to our
consideration of non-human species (pigs, as well as yeast) but also to our
addressing of longer-term trajectories: considering genome mapping, as
well as sequencing. We look at the sources of the DNA libraries from
which the reference sequences were obtained and show that in both cases
they were derived from a narrow pool of a few humans and pigs. Yet in the
case of S. scrofn, the engagement of the early mapping communities in the
sequencing operation eased the connection of the resulting reference
genome with more general immunogenetic goals and the development of
data and tools to aid the improvement of agriculturally-relevant breeds.
These were the problems that motivated the mapping activity of pig gen-
omicists before their involvement in whole-genome sequencing.

Part III comprises Chaps. 6 and 7. In it, we address a number of fea-
tures that have been commonly attributed to post-genomics, such as con-
nection of genomic data to other forms of biological data, and an attention
to variation and diversity. We examine the annotation of reference genomes
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and other functional and systematic studies of sequence data. By the for-
mer, we mean the elucidation of the effects of particular genes and other
genetic elements in the organism. By the latter, we mean the determina-
tion of patterns of variation within a given species or between species to
inform, among other endeavours, evolutionary biology. We argue that our
‘thick sequencing’ approach—addressing the long-term processes by
which DNA data become reference genomes—enables us to show that
these practices have been deeply entangled throughout the whole history
of genomics rather than necessarily following the completion of the HGP
or any other reference sequence project.

Furthermore, in the case of the pig, the close involvement of the com-
munities of immunogeneticists and agriculturally-oriented geneticists
from the early days of genome mapping transformed annotation practices
at the Sanger Institute into more collective and distributed endeavours.
This paved the way to collaboration between two different communities
of genomicists, one centred around the Sanger Institute and the other
derived from the wider pig genetics community involved in mapping
practices.

In our concluding Chap. 8, we explore the implications of our study
beyond the realms of the history, philosophy and sociology of science.
One of the preoccupations of science policymakers and funders in the
wake of the HGP has been the notion of a ‘translational gap’ between the
availability of masses of genome data and the exploitation of them, for
example in effective new treatments or diagnostic tests in the clinic: ‘from
bench to bedside’, as the slogan goes. We argue that this translational gap
is an artifact of the particular configuration and history of the HGP: its
model of concentrated production and the rigid division it implied
between the producers of the reference sequence and the communities
that would later use it in biomedical and clinical research. Other genomic
endeavours that deployed more inclusive strategies show more immediacy
and connection between the compilation of the data and its mobilisation
towards particular goals. Our historical investigation thus illuminates ways
of reducing the temporal, cognitive and conceptual distance between
genomic data and user communities.

Dissatisfaction with reference genomes has given rise to new initiatives
to represent genomic variation and to connect genomes to other forms of
biological data and processes. As we show throughout, these qualms are
based on trying to attribute particular functions to reference genomes and
to make them carry weight that they were not designed or conceived for.
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Our book highlights that many of these problems stem from the contin-
gent and historically-driven processes of reference genome construction.
Without a historical reconstruction, these processes and their conse-
quences on the resulting reference genomes are flattened and rendered
invisible.
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PART I

The Diversity of Genomics
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CHAPTER 2

Distributed and Concentrated Strategies
in the Sequencing of the Yeast Genome

John Sulston, the scientist who led the British contribution to the human
reference genome sequence, considers that what is now called the Human
Genome Project really got started with simpler organisms in 1989. That
year, he passed a point of no return in his career that led him to see the
sequencing of whole genomes through the scaling-up of technologies and
scientific teams as the only way forward. This moment, which Sulston
compares to a “prison door” shutting behind him, occurred during the
seventh international meeting on the nematode worm Caenorbabditis
elegans, held at Cold Spring Harbor Laboratory (CSHL) on the south
coast of Long Island Sound, in New York state. There, Sulston and his
associates Alan Coulson and Robert Waterston unveiled a physical map of
ordered DNA fragments that encompassed the whole genome of C. ele-
gans. This worm, of about one millimetre length, had become both
Sulston’s obsession and a widespread model organism in genetics research
over the preceding 20 years. In 1983, after tracing all the divisions of
C. celegans cells during embryonic and post-embryonic develop-
ment, Sulston had embarked on assembling the map of its genome, first
with Coulson and later in collaboration with Waterston. When James
Watson, director of CSHL and Nobel Prize winner for his co-discovery of
the structure of DNA, saw the map at the meeting, he exclaimed: “you
can’t see it without wanting to sequence it, can you?” (Sulston & Ferry,
2002, pp. 13-14).
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Watson was by then combining his long-term directorship of CSHL
with a new appointment as associate director for Human Genome Research
at the US National Institutes of Health (NIH). His remark propelled a
frantic series of meetings in which Sulston, Coulson and Waterston com-
mitted to sequence 3% of the worm’s genome, the largest portion of DNA
that had been tackled to date. Watson offered to support the operation
through the Office for Human Genome Research, which the NIH had
established in 1988. Following favourable review of the detailed propos-
als, the NIH funded the whole sequencing enterprise in the USA—Ied by
Waterston’s team at Washington University in St Louis (WU)—and one-
third of Sulston’s work at the Laboratory of Molecular Biology (LMB) in
Cambridge (UK). The rest of the funding was provided by the UK
Government through its national Human Genome Mapping Project
(Chap. 3). This international initiative started in 1989, just months after
the CSHL meeting. Three years later, in 1992, three of the 100 million
nucleotides of the worm genome had been completed. The sequencing
effort was presented as a “pilot system” to test the technologies and feasi-
bility of addressing the human genome, as well as interpreting the result-
ing data (Sulston et al., 1992, p. 37). The human genome comprises
3 billion DNA nucleotides, and so is about 30 times larger than that of
C. elegans.

What is less known—and absent from Sulston’s account—is that
C. elegans was one of the drivers in the sequencing of another genome:
that of the baker and brewers’ yeast, Saccharomyces cerevisine. Prior to
that fateful 1989 meeting, Waterston had started using Yeast Artificial
Chromosomes (YACs) in the physical mapping of the worm. This tool,
developed in the 1980s using recombinant DNA techniques, allowed
the insertion of foreign genetic material into yeast cell cultures. By using
the replication mechanisms of yeast—a single-celled fungus—researchers
could multiply (clone) the foreign inserts and obtain enough DNA of
the organism they were working with. Waterston inserted the worm
DNA fragments that he wanted to map into YACs and then multiplied
them, producing a library of C. elegans fragments stored in S. cerevisine
cells. The fragments could then be isolated and their position within the
worm genome determined. Given that this procedure yielded large
amounts of yeast as well as C. elegans DNA in the cell cultures, Waterston
included a project in his NIH grant to sequence . cerevisine on top of
the worm, to distinguish the DNA of the two species. The project, which
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ran in parallel with the C. elegans sequencing effort, enabled WU to join
an incipient multi-national and multi-institutional initiative to complete
the entire yeast genome.

This chapter shows how Waterston’s two-species effort signalled the
emergence of a handful of groups that absorbed unprecedented amounts
of funding for comprehensively mapping and sequencing whole genomes.
Despite these comprehensive efforts starting with microscopic organisms
such as yeast and C. elegans, the intention of their sponsors from the out-
set was to concentrate resources and capacities that these groups could
later deploy for the human genome. Apart from WU, the NIH channelled
its funding towards another yeast sequencing group at Stanford University
(Szymanski et al., 2019, p. 36). In 1993, when the yeast sequencing effort
was proceeding apace towards completion, the NIH transformed these
two groups into the Genome Sequencing Center at WU and the Genome
Technology Center at Stanford. That same year, Sulston left the LMB to
become the founding director of the Sanger Institute, an institution that
would comprehensively map and sequence the C. elegans, yeast and human
genomes with funding from the UK Government and, especially, the
British biomedical charity Wellcome Trust (Chap. 4).! In the sequencing
of S. cerevisine, WU, Stanford and the Sanger Institute cooperated and
competed with smaller institutions from Canada, Japan and the USA, as
well as a transnational consortium of laboratories sponsored by the
European Commission (EC).

The chapter compares the strategy of concentrating funding and
resources in specific groups that subsequently became genome centres,
with the approach that the EC undertook in the sequencing of yeast.
Unlike the NIH and the Wellcome Trust, the EC avoided channelling
funding into just one or a few teams and preferred instead to distribute its
support across a wider range of laboratories based in multiple European

"The Sanger Institute was originally called Sanger Centre and kept this name until 2001,
five years after the completion of the yeast genome. The Stanford Genome Technology
Center was named Stanford DNA Sequencing and Technology Center during the S. cerevi-
sine effort and until 2000. The Genome Sequencing Center at Washington University
became known as the Genome Center at Washington University in 2009, the Genome
Institute at Washington University in 2011 and the McDonnell Genome Institute at
Washington University in 2015. To avoid confusion, we uniformly use Sanger Institute,
Stanford Genome Technology Center and Genome Sequencing Center at WU throughout,
unless we more concisely designate the latter two as ‘Stanford” and “WU’, respectively.
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countries. This partly followed from the agenda of what was then called
the European Community—from 1993 the European Union—and the
opportunities that a networked yeast genome project presented for foster-
ing political and economic integration among member-states (Parolini,
2018). In contrast with its counterparts in the UK and the USA, the EC
did not regard yeast sequencing as a springboard to tackle the larger
human genome: it was, rather, a means to encourage and cement cross-
European scientific and industrial collaboration, based on the potentiali-
ties of yeast as a model and industrial organism. This led the yeast
sequencing consortium to be dominated by academic and corporate labo-
ratories that were already investigating S. cerevisine as a biotechnological
object, a brewing instrument, or a model organism for genetics and cell
biological research. The consortium also included a group of companies—
some of them start-ups arising out of universities and publicly-funded
research institutes—that provided sequencing services for S. cerevisine and
other genome projects sponsored by the EC.

The coordinated action of these laboratories created a distributed
approach to sequencing that, as we show below, was re-implemented in
subsequent EC projects and shared by the majority of national human
genome programmes that emerged from the late-1980s onwards
(Chap. 3).2 We argue that this approach diverges from the canonical his-
tory of genomics—and its hourglass representation (Chap. 1)—in that a
heterogeneous array of institutions exhibited diverse ways of sequencing
DNA and modes of interacting with each other and external bodies.
Crucially, these institutions persisted in their operation, without being
replaced by a more homogeneous landscape of genome centres. However,
the concentrated strategy that the NIH and Wellcome Trust pursued,
along with changes in EC policies, increasingly reduced the visibility and
scope of this distributed mode of genomics into the 2000s.

2Elsewhere, we have used the term “network genomics” to designate this approach and
explored the implications of this way of sequencing for the historiography of genomics and
biotechnology (Garcia-Sancho, Lowe, et al., 2022). Our preference for distributed here seeks
to emphasise the contrast between the EC strategy and the concentration of resources into
Sulston and Waterston’s groups, as well as that at Stanford.
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2.1  Ourt or C. ELEGANS SEQUENCING

By 1989, the year of the crucial CSHL meeting, Sulston, Coulson and
Waterston had established themselves as key drivers of the C. elegans com-
munity. As historians have documented, this tiny worm had become a
widespread model organism for genetics research in the 1970s (Ankeny,
1997), and Sulston and Coulson’s ‘fingerprinting’ mapping tech-
niques had subsequently emerged as an obligatory passage point for the
investigation of C. elegans genes. From the mid-1980s onwards, an
increasing number of laboratories sent samples of C. elegans DNA to the
LMB that they had previously identified as corresponding to—or located
nearby—genes involved in behavioural, developmental or any other bio-
logical functions in the worm. Sulston and Coulson would position the
DNA samples within their ongoing physical map and report the results
back to the laboratories who had sent them (de Chadarevian, 2004;
Garcfa-Sancho, 2012b).

Knowledge of the chromosome or chromosomal region in which their
samples were located enabled the laboratories to progress their research,
allowing them to detect and isolate other DNA fragments as part of the
genes they were pursuing. Sulston and Coulson, on their side, could refine
their maps by adding the samples they received and increasing the overall
number of ordered fragments (Fig. 2.1). The samples were initially deliv-
ered to Cambridge as cosmid clones: colonies of bacteria that had propa-
gated from a single one in which the genetics laboratories had inserted the
DNA they wanted to be mapped. Upon fingerprinting analysis, Sulston
and Coulson looked for overlaps between the sequence of the C. elegans
DNA contained in the sample and others from cosmids they had already
mapped. Overlapping sequences suggested that the corresponding DNA
fragments were contiguous in the worm’s genome. After Waterston joined
the team in 1985, he screened for additional sequence matches with the
larger YACs that he compiled in St Louis.

This strategy of completing the C. elegans map while providing a ser-
vice to other laboratories shifted significantly when Sulston, Coulson and
Waterston embarked upon the sequencing of the worm’s genome.
Following their conversation with Watson at CSHL, the three scientists
started advocating an approach in which their laboratories at WU and
LMB would sequence the whole worm genome on their own initiative,
rather than relying on requests and sample deliveries from C. elegans
geneticists. This was the same approach that Watson sought to implement
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Fig. 2.1 Left, Alan Coulson beside the physical map of C. elegans, pinned on the
wall of the central theatre of Cold Spring Harbor Laboratory in 1989. James
Watson looked at the map and proposed that he, John Sulston and Robert
Waterston sequence the genome of this nematode worm. Right, the outcome of
Sulston and Coulson’s fingerprinting technique: an autoradiograph picture of a gel
on which the DNA fragments to be mapped had been run, one in each column,
along with marker fragments that were used for reference. Each black spot on the
picture corresponds to a sub-fragment into which the original fragments had been
fractionated. Since the enzymes used to fractionate the fragments cut at specific
sequence sites, a matching pattern of spots in two or more columns—or across
different autoradiographs—meant that the fragments overlapped in the genome.
Left image courtesy of Barry Honda and retrieved from Jenny Shaw (2014) “Alan
Coulson’s science of collaboration”, blog post produced for the Wellcome Library
and available at: https://wayback.archive-it.org/16107,/20210313022805/
http://blog.wellcomelibrary.org /2014 /07 /alan-coulsons-science-of-
collaboration/ (last accessed 7th December 2022). Right image: reproduced
from Sulston, S, Mallett, F, Staden, R, Durbin, R, Horsnell, T, & Coulson, A,
Software for genome mapping by fingerprinting techniques. Bioinformatics, 1988,
4(1), 125-132: Fig. 1 on p. 126, by permission of Oxford University Press

for the mapping and sequencing of the human genome, the task he had
been set in his new position at the NIH Office. As we show in the next
chapter, in 1989 he was finalising an agreement with the US Department
of Energy by which this institution and the NIH would contribute three
billion dollars towards the completion of the human genome map and


https://wayback.archive-it.org/16107/20210313022805/http://blog.wellcomelibrary.org/2014/07/alan-coulsons-science-of-collaboration/
https://wayback.archive-it.org/16107/20210313022805/http://blog.wellcomelibrary.org/2014/07/alan-coulsons-science-of-collaboration/
https://wayback.archive-it.org/16107/20210313022805/http://blog.wellcomelibrary.org/2014/07/alan-coulsons-science-of-collaboration/
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sequence between 1990 and 2005 (Chap. 3). This programme—unprec-
edentedly large in the molecular life sciences in its level of funding and
15-year time horizon—enabled the C. elegans mappers to undertake a
comprehensive, whole-genome sequencing operation; one that would not
be conditioned by external requests of sequence data.

In Cambridge, Sulston and Coulson approached the Medical Research
Council (MRC) as a potential funder of the two-thirds of the worm’s
sequencing project that the NIH did not provide for. The MRC is the
agency of the UK Government that funds and oversees biomedical
research, including the operation of the LMB. In 1989, the same year as
the CSHL meeting, the UK Treasury had granted the MRC an extra
11 million pounds to run a national programme to map and sequence the
human genome. Yet the UK programme, called the Human Genome
Mapping Project, only had guaranteed funding for 3 years compared to
the 15 years of its US counterpart and was not committed to whole-
genome mapping and sequencing. This led Sulston and Coulson to pro-
pose, in their funding application to the MRC, a phased approach that
would start by focusing on targeted regions of the worm’s genome, and
then develop the efficiency and output of the sequencing techniques, cul-
minating in a “factory style operation”. The end goal was to move beyond
the three-year support framework, and comprehensively sequence DNA
fragments from mapped cosmid clones and YACs encompassing the entire
C. elegans genome, so it would be completed “in a time not longer than
10 years”.?

Waterston’s parallel proposal to the NIH took the intended efficiency
and comprehensiveness of such a factory model further. At the same time
as the C. elegans operation, his department at WU had hosted another
mapping initiative aimed at the yeast §. cerevisine and led by Maynard
Olson (Szymanski et al., 2019, pp. 4351f). Olson had provided yeast DNA
to Waterston and other colleagues for the construction of YACs. The
availability of this source of DNA, together with the use of YACs in the
mapping of C. elegans, led Waterston to include a side project—called
Project 2—to sequence S. cerevisine as well as the worm in his formal

3John Sulston and Alan Coulson (1989): “Mapping and sequencing the genome of
Caenorbabditis elegans”, application to the UK Medical Research Council’s Human Genome
Mapping Project. Obtained through the Medical Research Council and available at the
Wellcome Library, London, Papers and Correspondence of Sir John Sulston, file number
PP/SUL/A/2/1/3. Later in this book (Chap. 4), we provide a more detailed analysis of
Sulston and Coulson’s proposal.
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funding application to the NIH. From a C. elegans sequencing perspec-
tive, this project sought to distinguish between yeast and worm DNA in
the YACs. Yet by using Olson’s map, the yeast sequence data could also be
assembled and stored, rather than just being discarded as contamination.
By the time Waterston was writing his proposal, Olson had moved from
St Louis to a new Department of Molecular Biotechnology at the
University of Washington in Seattle. Instead, yeast geneticist Mark
Johnston joined Project 2 and more generally became responsible for
yeast sequencing at WU after 1992. Olson’s former technician at WU,
Linda Riles, started working on the NIH grant and providing clones,
including in YACs, whose sequencing would be collaboratively overseen
by Johnston and Waterston.* Johnston inherited from Olson the spirit of
distributing clones with the mapped yeast DNA fragments to other labo-
ratories that were starting sequencing projects. Among these were the
members of the EC consortium and two independent groups of Canadian
and Japanese institutions led by McGill University and RIKEN (Rikagaku
Kenkyijo, the Institute of Physical and Chemical Research), respectively.
Waterston’s proposal was funded as part of the NIH contribution to
the human genome through the National Center for Human Genome
Research. This institution had succeeded the Office for Human Genome
Research in 1989 and also sponsored one-third of Sulston and Coulson’s
endeavour (Fig. 2.2). Waterston’s funding was for five years. In the case of
yeast, his grant aimed to complete the whole of chromosome VIII of this
organism “by mid-1994” and sequence “parts” of other chromosomes
“totalling 2.5” million nucleotides. It was envisaged that, along with other
efforts “in progress or planned worldwide”, the entire S. cerevisine genome
would be determined “by the end of 1995”.°> The WU team completed
the sequence of chromosome VIII by the target year of 1994 (Fig. 2.3)
and led the determination of another full chromosome—XII—that was
published in 1997, co-authored with the EC consortium. The WU group
also contributed to chromosomes IV and XVI in collaboration with the
Sanger Institute, Stanford University, the EC consortium, and McGill and

*Mark Johnston, interview with both authors via Skype, September 2020.

>Robert Waterston and Mark Johnston (1989) “Project 2.” In R. Waterston, “Sequencing
the C. elegans genome,” p. 175. The NIH application, excluding Project 2, is available at the
Wellcome Library in London, Papers and Correspondence of Sir John Sulston, file number
PP/SUL/A/2/1/5. The “Project 2” part of the application was obtained through Mark
Johnston and is courtesy of Robert Waterston.
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SEQUENCING

vy G-May 10, 1992

Cold Spring Harbor Laboratory
Cold Spring Harbor, New York

Fig. 2.2 The cover of a 1992 meeting programme at Cold Spring Harbor featur-
ing John Sulston and Robert Waterston as C. elegans worm cyclists competing
with other organisms in a race to finish their genomes. The race is refereed by
James Watson, pictured beside the ‘Start’ sign with his hand raised. Courtesy of
Cold Spring Harbor Laboratory Archives. The image was introduced to us by
Marina Schutz, who analysed it at the workshop “Cooperation and Competition
in the Life Sciences”, held in November 2019 at the Ludwig-Maximilian University
of Munich. It is also available at: Papers and Correspondence of Sir John Sulston,
Wellcome Library, London (UK), file number PP/SUL/A/6/16

Concordia Universities in Canada, as well as the University of Toronto
Hospital for Sick Children.

Another element in common between the NIH-led sequencing of yeast
and C. elegans was that, in both cases, the effort was coordinated between
two groups. Yet in the case of S. cerevisine, the WU group partnered with
a US institution—Stanford University—rather than a British one. While
the partnership between WU and the LMB derived from Waterston and
Sulston’s collaboration in the prior mapping of C. elegans, with yeast there



50 M. GARCIA-SANCHO AND J. LOWE

A Genetic map

<
~ -~ o o - o N NO© g
x = [\ bl W o a = o~ - =
S s TS5 9o Arw N 5 T 8 9% o
€ & 3 Ss & £S§ 3 S 53 && @
S I BN l | | L f TI | I
(R m/ I =
I 0 D 5
/ |RS /// x 3
~ 5y
LIL I B L L L B LB I LI I I T T 1 T 1
100 200 300 400 500
B Clones sequenced g
9196 L5018 12825 8179 9 12335 9332 @263 9315 L4005 9186 9177 pEL7287
——  mmm — —— ———— e EmaOm S
—_— — — — T — —
L4904 9433 9780 8082 ® 8025 9205 9925 L3209 9666 9986 9998 9123
(2]
C GenBank submissions
— — — — —A — —
— = } | } | } ] o ——
© © - ©Or- ® o ® © © © © © © ©© ©
= o NNDO = S N W N W O © 20 =
© WO ®m® N O @ O 2 & 00O N
®© © =2ONDN © a a N © o OO o o® N
m S~ U-l Y =~ S~ S S~ S~ S~ S S~ = s =~
C CcC = C= C Cc cC C Cc Cc c C CcC CccC Cc
- - C 2C = o S = O o = = o 0o O
- o T o=0o o S o & & o o 6656 o
o a2 00 ® o S O O O © »® O o5 o
® O o as © & ® o & O © © NN N
® NMXogo N 4 &»® O © ® N N oo ©

Fig. 2.3 Genetic linkage and physical maps that Mark Johnston used to sequence
chromosome VIII of the yeast S. cerevisine. In the genetic linkage map—upper
part of the figure, marked as ‘A’—the vertical lines represent relative positions on
the chromosome and the numbers denote relative distances. In the physical map—
middle of the figure, marked as ‘B’—the horizontal lines represent partially over-
lapping DNA fragments and the alphanumeric codes denote the samples from
which those fragments were obtained, such as a cosmid library or another form of
cloning system. The lower part of the figure, marked as ‘C’ corresponds to the data
submitted and stored in GenBank, the global DNA sequence database that was
established in the USA in 1982. The whole yeast chromosomal sequence was frac-
tionated into various, non-overlapping manageable chunks that are represented as
horizontal lines with their submission references listed below them. Johnston et al.
(1994: 2080, Figure 1). Reprinted with permission from the American Association
for the Advancement of Science

was not a strong inter-personal or inter-institutional connection beyond
Johnston having completed a postdoctoral fellowship at Stanford before
moving to St Louis. Johnston’s research at Stanford had explored the
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genetics of glucose metabolism in S. cerevisine. His mentor was Ronald
Davis, a contributor to the development of the first recombinant DNA
techniques at Stanford’s Department of Biochemistry during the mid-to-
late 1970s (Yi, 2015, Ch. 2). These techniques, which allow the transfer
of genetic material from one organism to another, were used by Johnston
to isolate and study the expression of the GAL genes responsible for the
synthesis of proteins that process sugars in the yeast cell.

In 1990, the reputed human and microbial geneticist David Botstein
moved to Stanford. Botstein had a history of collaboration with this insti-
tution, since in 1980 he had co-authored a seminal article with Davis and
other colleagues proposing to map the human genome using the restric-
tion enzymes that form the basis of the recombination procedure (the
Restriction Fragment Length Polymorphism—RFLP—approach; Botstein
et al., 1980; Chap. 1). In the recombination procedure, restriction
enzymes cut DNA at specific sequence sites and therefore allow cleavage,
transfer and insertion of genetic material from one organism to another
where it can be expressed and studied under controlled conditions.
Botstein was later appointed vice-president of Genentech, the biotechnol-
ogy company that Stanford had created to develop and market commer-
cial products derived from the recombinant technologies, such as human
insulin expressed in bacteria (Rasmussen, 2014, Ch. 2; Yi, 2015, Chs.
4-5). By the time he moved to Stanford, Botstein had become an enthu-
siastic advocate of using yeast as both a model to investigate gene function
and a system to express recombinant DNA molecules (Botstein &
Fink, 1988).°

Botstein and Davis were regarded by Watson as representatives of a
younger generation of molecular biologists, one that had scientifically and
commercially exploited the elucidation of the double helix and other mile-
stones around the structure and function of DNA. This perceived conti-
nuity led Watson and others who had been prominent in shaping molecular
biology to mobilise a success story around biotechnology and recombi-
nant DNA as a way of retaining their influence and authority. Botstein and
Davis were tasked with co-leading a second NIH-funded yeast sequencing

®Botstein’s advocacy built on a strong tradition of using yeast as a model organism for
genetics and cell biochemical research. This tradition dated back to the mid-twentieth cen-
tury and had witnessed important contributions from the neighbouring University of
California Berkeley and WU-based researchers, before the start of the sequencing pro-
gramme (Langer, 2016; Szymanski et al., 2019, pp. 434ft).
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group (Szymanski et al., 2019, p. 436). Their Stanford team published the
whole sequence of chromosome V in 1997 and was involved with WU in
the collaborative sequencing of chromosomes IV and XVI of S. cerevisine.
It also hosted the Saccharomyces Genome Database, a centralised reposi-
tory that was founded in 1993 and released to the community one year
later (Chap. 7).

As the yeast and worm genome endeavours progressed, the St Louis
sequencing teams were incorporated into the larger WU Genome
Sequencing Center, and Davis and Botstein’s group into the Stanford
Genome Technology Center. Both centres extended their remit to con-
tribute to the NIH arm of the (by then fully inaugurated) Human Genome
Project of the USA: the one at WU via large-scale sequencing and the one
at Stanford through the development of advanced instrumentation (Chap.
3). In 1993, the same year in which these US centres were founded,
Sulston became director of the Sanger Institute and created specific divi-
sions for the sequencing of the human and yeast genomes, as well as C. e/e-
gans (Chap. 4). A common feature of these three centres was their
unprecedented level of funding—considerably higher than the groups
from which they derived—and the conditioning of this support on an
absolute prioritisation of the genome efforts, rather than them using the
sequence data for research into human, yeast or C. elggans biology. This
was the fundamental difference between them and the laboratories
involved in the yeast sequencing project sponsored by the EC.

2.2  TuE DISTRIBUTED STRATEGY
OF THE EUROPEAN COMMISSION

The EC initiative was called the Yeast Genome Sequencing Project (YGSP)
and started in 1989. In common with the St Louis effort—and later with
Stanford and the Sanger Institute—it had the objective of producing a full
reference sequence of S. cerevisine that would encompass its whole genome
and function as a representation of this type of yeast. Yet the strategy for
achieving this common goal markedly differed between the EC, and the
US and British projects. While Stanford, WU and the Sanger Institute
comprehensively sequenced entire yeast chromosomes with a view to
applying the expertise that they cultivated (and the technologies that they
refined) through this to the human genome, the EC pursued the
YGSP with a distributed approach.
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This distributed approach aligned with the broader political and eco-
nomic agenda of the EC, the executive arm of the European Community.
It resulted in the EC funding being spread across a larger number and
variety of both public and private institutions, contrary to the concentra-
tion of resources in the WU and Stanford teams, and later the Sanger
Institute. Furthermore, the sequencing work undertaken by the YGSP
participants was more immediately motivated by research objectives that
went beyond producing a reference sequence of S. cerevisine. Within the
YGSP consortium, academic institutions conducted genetics, biochemical
and cell biological research with the sequence data, while the companies
and corporate laboratories used their experience on the project to foster
their commercial activities and expand their customer bases.

The YGSP was part of the EC’s Second Framework Programme for
Research and Technological Development. By the time this programme
was launched in 1987, the EC—and the European Community more gen-
erally—were pushing for stronger political and economic integration
among their member-states. This process had gained new impetus with
the adoption of the Single European Act—which also came into effect in
1987—and led to the development of policies that would crystallise in the
establishment of the European Single Market. Research and development
were regarded as key means towards economic convergence, with the EC
conceived as the institution that would drive transnational cooperation in
science and technology. The funds from the framework programmes were
channelled through more specific schemes and, right from the start, bio-
technology was identified as an emergent and key area to align scientific
and economic agendas across Europe (Bud, 1993, Chs. 7 and 9; see also
Bud, 2010, p. S18; Cantley, 1995). The Biotechnology Action Programme
(BAP; 1985-1989) and later the Biotechnology Research for Innovation,
Development and Growth in Europe (BRIDGE programme; 1990-1993)
supported the first years of the YGSD.

Drawing on this political architecture, the sequencing of the yeast
genome represented an opportunity to build international scientific net-
works and contribute to economic development within the increasingly
integrated European market. The brewing, pharmaceutical and biotech-
nology industries in the European Community were, from the outset,
considered players in both the sequencing effort—the consortium included
corporate participants such as Carlsberg Laboratory and Pharmacia
Biotech—and the Yeast Industrial Platform, a group of member-state
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companies to which the EC provided privileged access to the sequence
data (Parolini, 2018).

As project coordinator, André Goffeau was responsible for embedding
these principles into the day-to-day running of the YGSP. His dual status
of yeast geneticist at the Catholic University of Louvain and civil servant
at Directorate-General XII—the department of the EC that oversees
research, science and technology—enabled him to press for a yeast
sequencing operation as part of the transnational projects included in the
framework programmes. With Watson, Goffeau shared a tradition of
working with standardised organisms and the vision of a reference sequence
as a valuable resource for his research community. From the 1950s
onwards, Watson and other molecular biologists had adopted model
organisms such as phage viruses or C. ¢legans as “exemplars” to study dif-
ferent life properties. Similarly, yeast geneticists, biochemists and cell biol-
ogists had bred and disseminated a specific strain of S. cerevisine—named
§288C—to conduct their experiments and other explorations of yeast
biology, including genome mapping (Strasser & de Chadarevian, 2011;
Szymanski et al., 2019, pp. 434ft).”

Yet the strategies that Watson and Goffeau imprinted into the NIH and
EC yeast genome programmes differed substantially. The latter, in line with
EC policy, regarded sequencing as a collective effort to be distributed
among the research community, rather than assigned to a reduced number
of groups. This resulted in a motley grouping of yeast biologists conducting
the various aspects of the sequencing process in the YGSP (Fig. 2.4), a

7The convergence here of the creation of standards in biological research through model
organisms, and the elucidation of maps and reference sequences in genomics, is telling. We
revisit this parallel throughout the book. The standardisation and distribution of uniform
strains and populations is a key aspect of model organism biology, to try to ensure that
experimental work in different places is conducted on as similar objects as possible. As experi-
mental systems (Rheinberger, 1997), model organisms are more appropriately assessed in
terms of their productivity and generativity, rather than the extent to which they, or particu-
lar biological processes they manifest, represent either their own species, or a wider class of
species (Ankeny & Leonelli, 2011; Leonelli & Ankeny, 2013). Model organisms are thus a
class of experimental organism for which there are considerable resources and tools available
for comprehensive biological characterisation: these constitute a formidable basis for further
investigation and experimental intervention. Different model organisms are often used for
different purposes, for instance Drosophila melanogaster for genetics, C. elegans for neural
development, and zebrafish (Danio rerio) for developmental biology (Ankeny & Leonelli,
2020). The communities that orient around such organisms therefore exhibit distinct his-
torical trajectories.
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Fig. 2.4 Members of the consortium of the European Commission, along with
representatives from Washington University, Stanford University, McGill
University and the Sanger Institute, at the final conference of the Yeast Genome
Sequencing Project, held in Trieste (25th—28th September 1996). They are wear-
ing specially-designed shirts illustrating the parts of the yeast genome they worked
on. André Goffeau is the third on the left and the picture features the following
chromosome coordinators: Hervé Tettelin (far-left, chromosome VII); Mark
Johnston (second-from-left, chromosome VIII and co-coordinator of chromo-
somes IV, XII and XVI); Bernard Dujon (behind Gofteau, chromosomes XI and
XV); Horst Feldmann (middle-back, chromosome II); Ron Davis (third-from-
right, chromosome V and co-coordinator of chromosomes IV and XVI); Howard
Bussey (second-from-right, chromosome I and co-coordinator of chromosome
XVT at McGill University); Bart Barrell (far-right, chromosomes IX and XIII and
co-coordinator of chromosomes IV and XVI at the Sanger Institute). Agnés
Thierry (middle-front), a member of Dujon’s group, is also included in the pic-
ture. Photograph courtesy of Karl Kleine

much broader community than the specialist sequencing personnel based in
the NIH-funded teams and, later, the genome centres. The distinct com-
munities that coalesced around each programme became the very different
kinds of genomicists that sent yeast sequencing on disparate trajectories: in
the USA as an antecedent to the Human Genome Project; and as a more
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species-specific initiative in Europe that was closer to the research require-
ments of academic and industrial laboratories working with S. cerevisine.

Because of this, the membership of the EC consortium was always het-
erogeneous and included a large number of institutions. The YGSP started
with a three-year pilot phase aimed at chromosome III of S. cerevisine and
led by Stephen Oliver, a microbiologist from what was then called the
University of Manchester Institute of Science and Technology (UMIST).®
This phase trialled the distributed model and used mapped yeast clones—
from the AB972 sub-strain of $288C—distributed by Olson and Riles at
WU. The sequence of that chromosome was published in 1992 and
involved 35 institutions from eleven different European countries, plus
Kobe University in Japan and the New Jersey Medical School in the USA,
which were external members of the EC consortium. The pilot phase re-
affirmed in outline the basic distributed model of sequencing, though
indicated that scale-ups in sequencing output would still be needed in the
main phase of the project. An unexpected empirical outcome was the rev-
elation of scores of genes—a majority of those found on the chromo-
some—that were previously unknown to yeast biologists and would
require extensive functional analysis to be characterised (Oliver et al.,
1992; Vassarotti & Goffeau, 1992).

The full genome of the species was completed in 1996 and marked by
a special issue of Nature that was published one year later, entitled The
yeast genome divectory. It reported on chromosomes led by the EC effort
that had not yet appeared in the literature, as well as those led by Stanford,
WU, McGill University and the Sanger Institute: nine out of the sixteen
chromosomes of S. cerevisine in all. By then, membership of the EC con-
sortium had grown to 82 institutions. This consortium coordinated ten of
the sixteen chromosomes of yeast—three of them in collaboration with
American institutions and the Sanger Institute. The nucleotides deter-
mined by the EC consortium represented almost 55% of the overall
sequence produced (Parolini, 2018, Figure 1; see also Appendix A at the
end of Parolini’s article for a full list of EC laboratories) (Table 2.1).

Apart from Goffeau and Oliver’s home institutions, another important
nucleus of the EC programme was Munich. This city, which like Louvain
and Manchester is furnished with a longstanding brewing tradition, had

8 UMIST was a university focused on technical, scientific and engineering degrees indepen-
dent from the more general Victoria University of Manchester. Both institutions amalgam-
ated into the University of Manchester in 2004, a name that has not been changed since then
(Wilson, 2008).
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Table 2.1

An outline of the distribution of work among the different institu-

tions involved in completing the S. cerevisine genome, indicating the size of each
chromosome, institutions participating in the sequencing work, scientist(s) coor-
dinating the operation and year in which the sequence was published

Chromosome Coordinator(s) Additional laboratories Sequence Year
involved size, in published
base pairs
I H. Bussey (McGill 1 from the European 230,218 1995
University, Canada) consortium (external
member: New Jersey
Medical School, USA),
1 from the USA and 1
from Canada
11 H. Feldmann, 26 from the European 813,184 1994
(Ludwig-Maximilian ~ consortium
University of
Munich, Germany)
11 S. Oliver (UMIST, 36 from the European 316,620 1992
UK) consortium (including
2 external members:
New Jersey Medical
School, USA and
Kobe University,
Japan)
v C. Jacq (Ecole 24 from the European 1,531,933 1997
Normale consortium
Supérieure, France)
B. Barrell (Sanger
Institute, UK)
M. Johnston
(Washington
University, USA)
R. Davis (Stanford
University, USA)
\Y% R. Davis (Stanford N/A 576,874 1997
University, USA)
VI Y. Murakami 4 from Japan 270,161 1995
(RIKEN, Institute
of Physical and
Chemical Research,
Japan)
VII H. Tettelin 32 from the 1,090,940 1997

(Catholic University
of Louvain,
Belgium)

European consortium,
1 from the USA

(continued)
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Table 2.1 (continued)

Chromosome  Coordinator(s) Additional laboratories  Sequence Year
involved size, in published
base pairs

VIII M. Johnston 1 from the European 562,643 1994
(Washington consortium
University, USA)

IX B. Barrell (Sanger 1 from Europe 439,888 1997
Institute, UK)

X F. Galibert 18 from the European 745,751 1996
(University of consortium
Rennes, France)

XI B. Dujon 28 from the European 666,816 1994
(Pasteur Institute, consortium
France)

XII J. Hoheisel 18 from the European 1,078,177 1997
(German Cancer consortium
Research Center,
Germany)
M. Johnston
(Washington
University, USA)

XIII B. Barrell (Sanger N/A 924,431 1997
Institute, UK)

X1V D. Philippsen 19 from the European 784,333 1996
(University of Basel, consortium.
Switzerland)

XV B. Dujon 28 from the European 1,091,291 1997
(Pasteur Institute, consortium.
France)

XVI A. Goffeau (Catholic 13 from the European 948,066 1997

University of
Louvain, Belgium)
H. Bussey (McGill
University, Canada)
R. Davis (Stanford
University, USA)
B. Barrell (Sanger
Institute, UK)

M. Johnston
(Washington
University, USA)

consortium, 2 from
Canada

Elaborated by Jarmo de Vries using data from Engel et al. (2014, especially Table 1), The yeast genome
directory (Goffeau et al., 1997), other chromosome sequence publications and the Saccharomyces Genome
Database Community Wiki: https://wiki.yeastgenome.org/index.php/Systematic_Sequencing_Table
(last accessed 7th December 2022)
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developed an institutional architecture around biomedical research that
resulted in different types of laboratories playing crucial and complemen-
tary roles in the YGSP. Due to the impracticality of individually reviewing
all of the 82 institutions involved in this project here, we focus on the
contributors from Munich as representative of the institutional diversity
within the EC consortium. By looking at the connections that these
Munich-based laboratories deployed both within and across the YGSP, we
also reveal how the EC consortium members interacted between them-
selves and with the institutions—genome centres and smaller teams—that
coordinated the sequencing of other yeast chromosomes.’

One leading figure from Munich in the YGSP was Horst Feldmann. A
chemist by training, Feldmann was a principal investigator at the Institute
of Physiological Chemistry, a research institution affiliated to the Ludwig-
Maximilian University of Munich (LMU, the largest university in this
city) and the Klinikum of the LMU, a teaching hospital. Since 1968,
Feldmann had led his own group using yeast as a model to investigate the
genes that control the activity of transfer RNA (tRNA). tRNA molecules
are involved in the process of translation by which proteins are synthe-
sised in the cell. They interact with messenger RNA (mRNA) molecules
produced through the expression of DNA sequence, with each kind of
tRNA bringing a particular amino acid, thereby adding to the growing
chain that will make up the protein, as specified by the original DNA that
was expressed.

Feldmann had learned sequencing methods during a short visit to the
LMB, the institution where Sulston and Coulson were based (Feldmann,
2008, p. 291). The laboratory that Feldmann visited was led by Frederick
Sanger, the inventor of the first protein, RNA and DNA sequencing tech-
niques and the scientist after whom the Sanger Institute was named
(Garcfa-Sancho, 2010). At the time of Feldmann’s visit, the C. elegans

?Our Munich-centred institutional typology complements an investigation of other EC
consortium members that we have published elsewhere. In that publication, we showed how
some of the YGSP institutions were more proximate to the final users of the sequence, while
others were more distal. Likewise, some of the participants in the EC consortium conducted
sequencing work that was directed to specific research goals, while others practiced undi-
rected sequencing (Garcfa-Sancho, Lowe, et al., 2022). Here, we depict the institutional
heterogeneity within the YGSP through analysing the differing ways in which the Munich-
based institutions organised their day-to-day involvement in yeast sequencing.
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mapping project had not yet begun and Coulson was starting his career as
a technician in Sanger’s group. Feldmann’s mentor in Cambridge was
another Sanger technician, Bart Barrell, who would later run the yeast
sequencing operation at the Sanger Institute (Chap. 4).

By the time the YGSP started in 1989, Feldmann’s research was focused
on specific genomic regions involved in the distribution of tRNA genes on
the yeast chromosomes. These regions, called Ty elements, are found in
multiple copies in the genome, as they can create new copies of themselves
and jump from one area of the chromosome into others; they are structur-
ally and functionally related to retrotransposons and retroviruses.!”

Feldmann saw the emerging yeast genome initiative as an opportunity
to exploit his sequencing expertise and, at the same time, use both the EC
funding and sequence data to further his investigation of Ty elements. He
joined the consortium from the start and, apart from being involved in the
chromosome III pilot effort, led the completion of chromosome II in
1994, coordinating other consortium members. During this time,
Feldmann’s team combined the YGSP work with comparison of Ty
sequences and analysis of the implications of their conservation: the pres-
ervation of particular sequences across different evolutionary lineages—
including those featuring yeast species—deriving from a common ancestor
(Feldmann, 2008; Stucka et al., 1992; Fig. 2.5). Their detailed knowledge
of the Ty regions proved essential in the subsequent completion of other
yeast chromosomes, where Feldmann and his collaborators offered crucial
intelligence on repetitive patterns in the sequence data to other institu-
tions with less specific expertise.!!

1 Rolf Stucka, interview with Miguel Garcfa-Sancho, Adolf Butenandt Institute, Munich,
November 2019. Retrotransposons and retroviruses reverse the normal flow of genetic infor-
mation through an enzyme that produces DNA sequences from RNA and incorporates those
sequences into the genome.

"'We thank Mark Johnston for indicating Feldmann’s role to us, in an interview via Skype
in September 2020. This kind of contribution was also offered by other members of the EC
consortium such as Edward Louis, whose expertise on §. cerevisine telomeres enabled the
Sanger Institute and WU to tackle these repetitive regions at the ends of chromosomes. Like
Feldmann, Louis was based in a biomedical institution—the Institute of Molecular
Medicine—that is affiliated to a university and clinical setting: the University of Oxford and
John Radcliffe Hospital (Garcia-Sancho, Lowe, et al., 2022, note 44). Apart from yeast, the
Institute of Molecular Medicine played an important role in the UK’s national Human
Genome Mapping Project (Chap. 3). Repetitive sequences are a key indicator in some
genetic diseases and, therefore, a focus of medical genetics research.
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Another prolific contributor of yeast sequences—and participant in the
chromosome II effort with Feldmann’s group—was Genzentrum, an
institution co-managed by LMU and the Max Planck Institute for
Biochemistry (MPIB, also based in Munich). Genzentrum had been
established in 1984 as part of a network of centres with which the German
Federal Government sought to foster research using the fledging recom-
binant DNA techniques: there were other gene centres in Berlin, Cologne
and Heidelberg. The Munich Genzentrum was headed by Ernst-Ludwig
Winnacker, one of the pioneers of molecular biology in Germany, and
it incorporated a set of shared facilities in which scientists from LMU and
MPIB could access recombinant DNA and sequencing techniques. On
top of this, Genzentrum was equipped with a suite of laboratories in which
carly career researchers could start their trajectory towards becoming prin-
cipal investigators.!2

One of these early career researchers, Horst Domdey, became heavily
involved in the sequencing of yeast. Like Feldmann, he combined YGSP
work with research on the genetics of S. cerevisine; in this case, the tran-
scription of DNA into mRNA (Fig. 2.5). Yet given the availability of
advanced technological facilities at Genzentrum, Domdey also embarked
on sequencing work supported by other EC schemes, namely the Human
Genome Analysis Programme (see below).!3

Unlike Feldmann’s laboratory, in which manual sequencing methods
were used, Genzentrum was equipped with state-of-the-art automated
instruments that were starting to be marketed by the companies DuPont
and Applied Biosystems (Garcia-Sancho, 2012a, Chs. 5-6). The funding
from the EC genome programmes provided crucial support to the day-
to-day running of these sequencing machines, which were used by other
Munich-based researchers working on immunology and animal

2E.L. Winnacker and other authors (undated): Laboratory of Molecular Biology and
Biochemistry: Miinchen / Martinsried, Hoechst Archives, Frankfurt, file number H0049176.
We thank Magnus Altschifl at LMU for generously providing access to this archival record.

13 Horst Domdey, interview with Miguel Garcfa-Sancho, Genzentrum, Munich, November
2019. See also: “Horst Domdey: Gene expression in yeast.” In E.L. Winnacker and other
authors (undated): Laboratory of Molecular Biology and Biochemistry: Miinchen / Martinsried,
Hoechst Archives, Frankfurt, file number H0049176, p. 8; Obermaier, Gassenhuber, et al.
(1995); Obermaier, Stachowitz, et al. (1995).
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Fig. 2.5 Top-left, Horst Feldmann’s group at Ludwig-Maximilian University of
Munich in the late-1980s, including Gertrud Mannhaupt (far-left), Rolf Stucka
(behind the line) and Christa Schwarzlose (second-from-right), all of them
involved in the sequencing of chromosome II of §. cerevisine. Other group

»

(continued overleaf’)
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genetics.' In contrast with the Sanger Institute and the genome centres
at Stanford and WU, the EC funds did not fully cover the sequencing
operations at Genzentrum. Due to this, the facilities needed to combine
sequencing work for the EC programmes with a service role supporting
research grants undertaken by Genzentrum’s early-career investigators,
as well as other scientists at LMU and MPIB.

In 1994, Genzentrum created a start-up company, MediGene, to both
commercialise medical products derived from their research and conduct
on-demand sequencing work. Brigitte Obermaier, who led the genome
analysis team in charge of YGSP assignments at Domdey’s group, became
head of sequencing services at this company. MediGene was one among a set
of mainly German firms created out of academic research that conducted
contract sequencing work for other institutions or concerted genome proj-
ects (Garcfa-Sancho, Lowe, et al., 2022; Zeller, 2001). They were especially
active during the YGSP and other subsequent EC genome programmes:
thirteen different companies offering sequencing services were involved as
co-authors in The yeast genome directory. MediGene participated in the

<
<

Fig. 2.5 members depicted are Hans Lochmiiller, Susanne Mitzel and Robert
Krieg (second, third and fourth-from-left), as well as Uschi Obermeier (far-right).
Bottom-left, Horst Domdey in the mid-to-late 1980s and, right, a laboratory dur-
ing the early years of Genzentrum. Sources: Top-left picture, Feldmann (2008,
p. 300), copyright (2008), with permission from Elsevier; bottom-left and right
pictures: E. L. Winnacker and other authors (undated): Laboratory of Molecular
Biology and Biochemistry: Miinchen / Martinsried, pp. 8 and 4. Reproduced with
permission from Genzentrum and available at Hoechst Archives, Frankfurt, file
number H0049176

“One of these researchers was Hans Georg Zachau, who had mentored Feldmann and
moved with him to Munich from the Institute of Genetics in Cologne. While Feldmann had
focused his LMU laboratory on the investigation of yeast, Zachau worked on human genes
controlling the synthesis of immunoglobulins (Feldmann, 2008, pp. 285ft). Gottfried Brem,
another early career researcher at Genzentrum, conducted a substantial amount of sequenc-
ing of pig DNA, despite neither LMU nor MPIB participating in any EC-sponsored swine
genome programme (Chap. 5). Pig-related products are important in the economy of
Bavaria, the state of which Munich is the capital: “Gottfried Brem: Department of Molecular
Animal Breeding.” In E.L. Winnacker and other authors (undated): Laboratory of Molecular
Biology and Biochemistry: Miinchen / Martinsried, Hoechst Archives, Frankfurt, file number
HO0049176, p. 7.
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completion of two different chromosomes of S. cerevisine, with these
sequencing operations being the company’s most profitable line of business.

MediGene, along with Genzentrum and Feldmann’s group, were repre-
sentative of what we have called elsewhere the network model of genomics:
a versatile and heterogeneous array of institutions that exhibited different
motivations to produce DNA sequence data (Garcifa-Sancho, Lowe, et al.,
2022). This heterogeneity gave the EC consortium members flexibility, and
encouraged an ability to adjust to changing circumstances. Within the con-
sortium, scientists and institutions could produce large amounts of sequence
data for various users—e.g. the customers of MediGene—or behave more
like a traditional life sciences laboratory and use the sequences they deter-
mined for specific research purposes: e.g. Domdey and Feldmann’s groups.
Even within the same laboratory, the sequences were often contributed to
the YGSP after being used for more immediate research work. By contrast,
the genome centres deriving from WU, Stanford and Sulston’s group only
practised one model of DNA sequencing that was more distal to the final
user and led to the production of large amounts of data without advanced
concrete knowledge of what its purpose and destination would be.

At the core of the EC network, another Munich-based institution—the
Martinsried Institute for Protein Sequences (MIPS)—compiled the vari-
ous sequencing results and assembled them into full chromosomes and
later a reference genome. MIPS also played a crucial role in assessing the
quality of the sequences and inferring biological features from the DNA
data. This institution was located in the same campus as Genzentrum, the
MPIB and other biomedical laboratories of LMU in Martinsried, a suburb
in the south-west of Munich.

MIPS had originated in the late 1980s as a unit of the MPIB Department
of Protein Chemistry. This department was particularly strong in the
determination of protein sequences, whose techniques had preceded the
emergence of DNA sequencing. Pehr Victor Edman, a key figure in the
development and automation of protein techniques during the 1950s and
1960s (Garcia-Sancho, 2010, pp. 284ff), had moved to Munich in 1972
and finished his career there.

The first objective of MIPS was to harmonise and unify the different
protein sequence databases operating in Europe, the USA and Japan. Yet
its director, Werner Mewes, saw the sequencing of yeast as an opportunity
to extend to DNA MIPS’s expertise in data handling, analysis and

1*Brigitte Obermaier, interview with Miguel Garcfa-Sancho, 1ZB Building, Munich,
November 2019. Horst Domdey, interview with Miguel Garcia-Sancho, Genzentrum,
Munich, November 2019.
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standardisation.'® Unexpectedly, MIPS became the institution chosen by
Gofteau to channel the sequencing results produced by the YGSP. He and
other EC administrators engineered a funding system in which all the
institutions involved in the S. cerevisine consortium were incentivised to
swiftly produce and submit their sequences to MIPS. MIPS scientists
checked the accuracy and quality of the sequences before assembling them
into chromosomes and, eventually, a whole genome. They also made the
sequences public after a period of 6 to 12 months in which, according to
the terms of the EC contract, the sequencing laboratories were entitled to
exclusive exploitation of the data (Joly & Mangematin, 1998).

The embargo period was another difference between the EC consor-
tium and the genome centres, which made their yeast sequence data imme-
diately available.!” This further reflects the contrasting philosophies
underlying the distributed and concentrated strategies and what the adop-
tion of one or the other required in terms of support and organisation. The
concentration of funding in WU, Stanford and the Sanger Institute meant
that these institutions could exclusively focus on producing the sequence
without any other financial needs that would require some kind of diversi-
fication. Their designation as genome centres emphasised this exclusivity of
sequence production and differentiated them from other institutions sup-
ported by the NIH, the MRC and the Wellcome Trust. By contrast, the
distribution of the YGSP budget among a much larger number of institu-
tions resulted in these institutions having to combine the EC support with
other sources of funding. One way of achieving this was using the sequence
data that each laboratory produced as a springboard that would ease the
award of either other contracts—especially in the case of the sequencing
companies—or research grants exploring different aspects of yeast biology.
As a yeast biologist himself, Goffeau recognised this necessity and pro-
tected the competitive advantage of the sequencing institutions through
the exclusive exploitation window. At the same time this model was being
implemented, other scientists and EC administrators attempted to export
the distributed strategy to the sequencing of other organisms.

1e“Arbeitsgruppe Datenbank fiir Proteinsequenzen (MIPS). Leiter: Hans Werner Mewes”
and “Datenbank fiir Proteinsequenzen (MIPS). Leiter: Hans Werner Mewes.” Both in Max-
Planck Gesellschaft Jahrbuch [Yearbook of the Max Planck Institutes], volumes 1992 (p. 138)
and 1994 (pp. 128-129) respectively. Karl Kleine, telephone interview with both authors,
October 2019.

17As we show in Chap. 3, the early-to-mid 1990s witnessed a heated debate about how
best to disseminate and exploit DNA sequence data. Although the NIH advocated for free
and immediate release of yeast sequences, it initially considered patent protection in the case
of Homo sapiens.
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2.3 DISTRIBUTED SEQUENCING AND [LARGER (GENOMES

As the 1990s progressed, the EC extended its sequencing programmes to
the genomes of other organisms of interest to science and industry, such
as the fruit fly Drosophila melanogaster, the bacterium Bacillus subtilis and
the plant Arabidopsis thaliana. All three of these species were, by then,
model organisms and B. subtilis had been used extensively as a biotechno-
logical cell factory for the production of multiple chemicals. The consortia
that the EC created for those sequencing efforts shared the features of the
one it had established for the YGSP: the membership was as inclusive as
possible and sought to foster cooperation among member-states. As with
the YGSPD, the full sequencing of those organisms involved cooperation
and competition between the EC-sponsored laboratories and other insti-
tutions, mainly in the USA and Japan.

The EC project to sequence the genome of A. thalinna began in 1993,
with cighteen institutions concentrating on two chromosomes: 4 and 5.
Like S. cerevisine, A. thalinna has an economically-sized genome compris-
ing five chromosomes. It has, though, over ten times the number of nucle-
otides as yeast. This European effort was later joined by separate initiatives
in France, Japan and the USA.!"® These became formally coordinated in
1996 with the creation of the Arabidopsis Genome Initiative, which was
completed in 2000. The active participation of researchers specialising in
Arabidopsis biology within the EC consortium enabled them to become
crucial actors in the sequencing of genome regions that were difficult to
tackle with existing large-scale sequencing methods, a role that had been
played in the YGSP by Feldmann’s team and other groups with expert
knowledge of yeast biology and genetics.

¥ https: //cordis.curopa.cu/project/id/B102930075 (last accessed 7th December
2022). Internet sources have been particularly important for our reconstruction of
Arabidopsis genomics. Primary sources such as reports and project websites from the
mid-1990s onwards were made available—and are still available—online, reflecting the pub-
lic accountability and dissemination policies of the EC and the community of Arabidopsis
researchers themselves. While some secondary literature exists on the history of Arabidopsis
genomics (most notably by Sabina Leonelli, e.g., 2007), it was necessary to return to the
online primary sources to confirm certain details and to situate Arabidopsis genomics within
our overall narrative.

YSee note 11, above, and “The Multinational Coordinated Arabidopsis thalinna Genome
Research Project—Progress Report: Year Six.” Available at: https://www.nsf.gov/
pubs/1997 /nst97131 /nsfY7131.htm (last accessed 7th December 2022).


https://cordis.europa.eu/project/id/BIO2930075
https://www.nsf.gov/pubs/1997/nsf97131/nsf97131.htm
https://www.nsf.gov/pubs/1997/nsf97131/nsf97131.htm
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Another similarity with the YGSP was that the Arabidopsis genome was
parcelled out, both to the different parts of the international collaboration
and to the individual participating laboratories in the European network.
In Europe, MIPS once again played a leading role as an informatics centre,
reviewing the quality of the sequences submitted by the EC-sponsored
laboratories, assembling parts of the genome and analysing it.2°
Additionally, many of the same sequencing companies that had contrib-
uted significant portions of the European sequence in the YGSP came on
board in the main phase of the EC Arabidopsis project in 1996, following
the conclusion of the pilot begun in 1993.2! Even within the European
distributed model, however, a move towards concentration of larger
sequencing capacities into a few institutions was evident.

Arabidopsis has been described as the “botanical Drosophila”, and the
completed genome sequence—the first for a plant—augmented its more
general status as a model organism for plant biology. Arising out of the
project to sequence the reference genome, The Arabidopsis Information
Resource became an altogether more all-encompassing data infrastructure
with ambitions far beyond being a mere repository of DNA sequence and
other molecular data. Its promoters conceived it as a means of providing a
common basis for representing the species as a whole through the integra-
tion of multiple different kinds of data and knowledge, and from this to
serve as a platform for the exploration of less well-catalogued species
(Leonelli, 2007).

Genome sequencing of D. melanggaster was performed by the European
Drosophila Genome Project, a consortium comprising ten laboratories
that the EC began to fund in 1997.22 This built on previous EC-supported
efforts to physically map the Drosophila genome from 1988. As well as
smaller centres conducting the sequencing, the Sanger Institute performed
an analogous role to MIPS in the yeast and Arabidopsis projects, assessing
and assembling the sequence submitted to it by the participating laborato-
ries.?? Like the other projects mentioned above, Europe joined forces with

20https: //www.arabidopsis.org/weedsworld /Voll /sequencing.html (last accessed 7th
December 2022);  https://www.nst.gov/pubs,/1997 /nst97131 /nst97131.htm  (last
accessed 7th December 2022); http://arabidopsisresearch.org/images/publications/
mascreports/2002_MASCreport.pdf (last accessed 7th December 2022).

2L https: //cordis.europa.eu/project/id /B104960338 (last accessed 7th December 2022).

2 https://web.archive.org/web,/19990208004153 /http: /edgp.ebi.ac.uk/ (last accessed
7th December 2022).

2 https://cordis.europa.eu/project/id /BI04960506 (last accessed 7th December 2022).
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American institutions. These included the publicly-funded Berkeley
Drosophila Genome Project, another NIH-sponsored genome centre at
Baylor College of Medicine and FlyBase, a genetics and genomics database
with antecedents dating back to the 1930s, but that was made available on
the internet in 1992.

An important commercial player involved was Celera Genomics. This
company derived from prior partly-charitable and partly-corporate
sequencing efforts led by Craig Venter (Adams et al., 2000; Drysdale &
Bayraktaroglu, 2000).%* Celera was founded in 1998 and began contribut-
ing to the Drosophila project shortly after. It performed the bulk of the
sequencing that resulted in the completion of the reference genome in
2000 (Dove, 2000). Seeking as it did to become a leader in the nascent
field of bioinformation, the company used the fly initiative as a testbed for
its advanced sequencing and informatics pipelines. As we see in subse-
quent chapters, Celera’s involvement in genomics was far more extensive
than its most famous role in the sequencing of the human genome and
concomitant controversy about commercially protecting and restricting
access to the resulting data (Chap. 4). One of the key innovations it gener-
ated through the Drosophila sequencing project was in the annotation of
the genome.

We discuss annotation in depth later in the book (Chap. 6), but it is
worth noting here the community-based annotation approach that the
Drosophila genomicists pioneered: the so-called ‘jamboree’. The jamboree
was an 11-day event held at Celera headquarters in Maryland in November
1999. Over 40 researchers from across the world—mainly from the pub-
licly-funded Drosophiln projects—converged there. The aim was to join
together the biological expertise of the Drosophila community with com-
puter scientists to identify the genes and other key landmarks in the masses
of sequence data produced by Celera (Pennisi, 2000). This would give the
fly researchers access to the sequence data and Celera an idea of how they
could add value to the data they were producing, a key consideration for
their commercial strategy.

From this jamboree event, a model of community annotation was cre-
ated that informed Celera’s later analysis of the human genome in

24 https: //web.archive.org/web,/19990208004153 /http: /edgp.ebi.ac.uk/ (last accessed
7th December 2022).
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conjunction with medical geneticists (Garcfa-Sancho, Leng, et al., 2022)
and that served as inspiration for the annotation of the pig genome (Chaps.
5 and 6). This model was, again, based on combining the expertise of a
large-scale sequencing institution—Celera—and smaller laboratories with
specialist knowledge in the target genomes, many of whom were funded
through the distributed model of the EC. As with the yeast and Arabidopsis
genome projects, the intelligence provided by the specialist laboratories
proved crucial to adding value to Celera’s sequences and for interpreting
specific, biologically-relevant regions of the resulting reference genomes.

In spite of these contributions, the EC’s distributed strategy became
increasingly challenged with the emergence of concerted efforts aimed at
larger and more complex genomes. With the Human Genome Project in
the USA underway since 1990, European scientists and EC administrators
debated the effectiveness of collaborative consortia and a networked
sequencing operation for more ambitious targets. Some defended the
advantages of involving the community in the production of the
sequence, as had been the case in the YGSP and contemporary initia-
tives. Others, however, highlighted the difficulties of recruiting a sufficient
number of laboratories to sequence exponentially larger genomes and,
especially, coordinating their activity and outputs.?®

Adopting a more concentrated model was complicated by the EC’s
political need to support multiple institutions across the continent and the
scarcity of large-enough institutions that could become sequencing cen-
tres for all of the European Union. The Sanger Institute, established in
1993, was a sizeable genome centre based in Europe, but it was already
supported in its day-to-day operations by two UK bodies—the MRC and
the Wellcome Trust—which gave it some independence from the
EC approach. Another potential candidate, the European Molecular
Biology Laboratory in Heidelberg (EMBL), never wanted to become a
genome centre despite being equipped with advanced technology and
expertise, including a centralised database to store DNA sequences

% An example of these debates is in the transcript of a discussion among scientists and
administrators involved in the YGSP at the end of the programme: Programme of the Final
European Conference of the Yeast Genome Sequencing Network, Trieste, September
25th-28th 1996, pp. 24, 31, 80-84. Personal papers of Karl Kleine, obtained 22nd
November 2019.
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(Garcia-Sancho, 2011).2% This lack of orientation towards large-scale
genomics resulted in the EMBL participating as a standard sequencing
laboratory in the EC consortia and MIPS being selected over this institu-
tion as the informatics and data assembly coordinator of the genome
projects.

One way in which the EC oriented its operation to larger genomes was
through programmes that did not seek to sequence them in full. Examples
of this were the Pig Gene Mapping Project (PiGMaP, see Chap. 5), and
the Human Genome Analysis Programme (HGAP). The latter started in
1990 and involved the creation of a consortium of human and medical
genetics laboratories from different member-states. Rather than determin-
ing the full sequence of the human genome—which is almost 300 times
larger than the yeast genome—the HGAP laboratories sought to refine
existing linkage and physical maps. This involved narrowing down the
location of genes or gene markers connected to the research interests of
the groups forming the consortium. For this, the consortium members
used a technique called complementary DNA (cDNA) sequencing that,
rather than tackling the whole human genome, yielded only the parts
involved in the synthesis of mRNA, a key intermediary in the production
of proteins in the cell. The HGAP laboratories divided the genome into
different regions—normally connected to the genes and proteins they
were working on—and formed groups devoted to mapping and cDNA
sequencing (Chap. 3).

Despite only targeting specific genome regions, these groups required
enhanced sequencing capacities. This resulted in Genzentrum in Munich
and other institutions with advanced instrumentation—often consisting of
centralised, shared equipment—becoming especially active in
HGAP. MediGene, Genzentrum’s start-up, was split into two companies,
with Obermaier’s sequencing services arm becoming an independent
brand called MediGenomix. In 1998, MediGenomix joined with other
German sequencing firms involved in the YGSP—AGOWA, GATC and
QIAGEN—as well as Biomax Informatics, to form the Gene Alliance, a

26The EMBL had been created in the 1970s and was collectively funded by various
European governments. One of its objectives was supporting promising early-to-mid career
molecular biologists through visiting fellowships (Krige, 2002). The awardees wanted to
make the most of their time conducting research at Heidelberg, and were therefore seldom
inclined to devote a substantial portion of it to the routine, comprehensive sequencing of
organisms with larger genomes (Albayrak, 2015).
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consortium that aimed to pool their sequencing capacities and capabilities
to secure contracts for genome sequencing projects.

The Alliance was formed against the backdrop of the greater intensifica-
tion and centralisation of whole-genome sequencing efforts propelled, to
a large extent, by the emergence of Celera in 1998. Sequencing was
becoming larger-scale and higher-throughput. The corporate alliance
model was an attempt to keep up in terms of capacity when acting jointly,
while enabling individual firms to retain their independence and specific
expertise. In addition to their individual capacities, by coming together the
Alliance could purchase new high-throughput sequencing machines (capil-
lary sequencers) at a lower unit cost than was available for a smaller order.?”

A change in the model and direction of funding at the EC level made it
more difficult for individual companies like these to operate alone. Three
changes in the years around the turn of the millennium were particularly
significant. One was a general shift in research policy, namely a lessened
emphasis on establishing wide networks of collaborators, something that
had opened the door to smaller laboratories and companies. The drive
towards European integration was diverted instead towards the building
up of large and well-resourced “centres of excellence” that could enable
Europe to compete at a global level across a variety of scientific fields.?® The
second change was more specific to genomics, with a shift towards funding
functional genomics research (Chap. 7), rather than whole-genome map-
ping and sequencing (Desaintes, 2008; Gannon, 2000). This removed a
potential market from the small sequencing companies that had been able
to invest and grow through projects such as the YGSP and Arabidopsis
genome sequencing. Finally, the mode of funding also changed, with the
removal of the payment-per-nucleotide system that had characterised the
earlier genome programmes. Participants were instead paid for labour and
materials, favouring non-profit research institutes and universities.?

However, the private sequencing companies based chiefly in Germany
had built up a customer base beyond EC-funded projects. Through the
Gene Alliance, they were able to build on their experience of working with

27 Brigitte Obermaier, interview with Miguel Garcfa-Sancho, Munich, November 2019.
Brigitte Obermaier, telephone interview with James Lowe, June 2021.

28This was tied to the agenda of the then European Commissioner for research, Philippe
Busquin (who served 1999-2004), to create a European Research Area that would ease
researcher mobility, thus enabling European scientists to move to these “centres of excel-
lence” rather than head to the USA (EMBO Reports, 2000).

2 Thomas Pohl, telephone interview with both authors, September 2019.
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other laboratories and private firms needing sequencing services. In addi-
tion to forming a collaboration in 1999 with Genome Pharmaceuticals
Corporation around agrogenomics and pharmacogenomics—thus cou-
pling the Alliance’s sequencing capacity to the Corporation’s functional
genomics expertise—they were contracted to sequence the whole genomes
of two species: the bacterium Chlamydia pnewmonine and the fungus
Aspergillus niger.®

The project to sequence C. pnenmonine derived from an agreement
between the Alliance and the German pharmaceutical company Byk
Gulden (a subsidiary of the chemical firm Altana) in 1998. C. pneumonine
is a bacterium that causes pneumonia and has been implicated in other
diseases such as atherosclerosis. The full sequence of its genome was com-
pleted in nine months.?! The Alliance operated along similar lines to the
yeast and Arabidopsis sequencing projects, a model that the companies
were familiar with. Various tasks such as library preparation were divided
out among the companies, the sequencing itself was parcelled out to the
four non-bioinformatics firms, while Biomax had a role analogous to
MIPS in the EC-sponsored projects. A key advantage of the Alliance was
that the allotting of work could benefit from the different expertise and
business models of its members, with tasks also arranged to enable parallel
projects to be managed by individual companies and the Alliance as a
whole, alongside their more regular operations. Obermaier of
MediGenomix has described the Alliance’s model as “interactive”, with
monitoring and evaluation of the ongoing sequencing conducted by
Biomax, leading to the identification of regions of lower quality and cover-
age requiring additional work.3?

In 2000, the Alliance was contracted by the research arm of the large
Dutch company DSM (which operates in multiple fields, including nutri-
tion and healthcare products) to sequence the genome of Aspergillus
niger, a tungus and species of mould that the company used to produce
enzymes and organic acids. The bioinformatics capacity of the consortium
was just as crucial as its sequencing output to securing the contract, with
the ability of Biomax to fully annotate this genome being a key attraction

30https://web.archive.org/web,/20040106234422fw_/http: /www.gene-alliance.
com/1_4_news.htm (last accessed 7th December 2022).

3 https: / /www.biomax.com/lib/press-releases /1999 _altana_ga_e.pdf (last accessed 7th
December 2022).

3 Brigitte Obermaier, telephone interview with James Lowe, June 2021.
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for DSM.33 QIAGEN took the lead for the Alliance, and the annotated
genome sequence was announced in 2007 (Pel et al., 2007).

By then, the Gene Alliance itself was no longer taking on new business.
They found that they were increasingly unable to compete on price with
the ever-larger centres in east Asia, North America and Europe, to win
whole-genome sequencing contracts. Additionally, the increasing avail-
ability of next-generation sequencing machines fostered a shift in the busi-
ness models of the companies. They enabled them to develop new services
and markets based on quick, often overnight, sequencing for research in
academia and industry. Without the centripetal force of large contracts
through the Alliance, the trajectories of the companies diverged. They had
always had to differentiate from each other, as they remained competitors
in the same market and region. This was reinforced when the countervail-
ing tendencies that were keeping them aligned in a network diminished.?*
With the demise of the Alliance, one of the last vestiges of the European
distributed strategy of genomics waned.

The models of the Gene Alliance and HGAP co-existed with the
genome centres that proliferated in the USA, UK and other countries dur-
ing the 1990s. Apart from being single institutions rather than groups or
consortia, these genome centres were the executive arm of initiatives that
sought to produce a reference sequence of the whole human genome. The
publication of that reference sequence between 2001 and 2004 led to the
genome centres being identified with a single, coherent and unified
‘Human Genome Project’. Since they were not part of this whole refer-
ence sequence effort, the HGAP and work of the Gene Alliance were
largely forgotten and excluded from the success narrative of genomics.

Our shift from human to non-human genome projects and addressing
of the distributed programmes that the EC sponsored throughout the
1990s has enabled us to present other historical configurations of genom-
ics, beyond the success narrative. As the experience of the HGAP shows,
this wider diversity of institutions, approaches and genomicists also applied
to human genomics. In the next chapter, we further explore this broader
history of human genomics by showing that most of the national human

3 https://web.archive.org/web,/20040106234422fw_/http: /www.gene-alliance.
com/1_4_news.htm (last accessed 7th December 2022). Due to the lack of secondary litera-
ture on the Gene Alliance, archived web pages and interviews with those involved have been
valuable resources in reconstructing its history.

3 Brigitte Obermaier, telephone interview with James Lowe, June 2021.
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genome projects that proliferated worldwide in the 1990s adopted the
distributed strategy of the EC and the Gene Alliance during their early
years. We also document the factors through which the concentrated
model became identified in the public imagination with a single Human
Genome Project, which funnelled the diversity of approaches to human
genomics into just one.
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CHAPTER 3

The Human Genome Project(s)

One of the consequences of excluding a great deal of the collaborative
genome efforts that proliferated in the 1980s and 1990s from the success
story of genomics has been the assumption that human genomics corre-
sponded to a single initiative or entity. This assumption portrays the
Human Genome Project as one international endeavour that started and
ended at defined dates, presented a set of stable participants, and operated
according to a predefined plan: the large-scale production of a reference
sequence of the whole human genome. The narrative of a single human
genome effort consolidated in June 2000, when a consortium of funders,
sequencing centres and bioinformatics institutions from Europe, Asia and
North America presented a first draft of the full sequence of Homo sapiens
in a ceremony chaired by the US president, Bill Clinton, and attended
remotely by UK Prime Minister, Tony Blair (Chap. 4). Before—and con-
temporaneous to—this announcement, a number of multinational genome
initiatives to sequence yeast (Saccharomyces cerevisine), the fruit fly
(Drosophiln melanogaster) and the thale cress (Arabidopsis thaliana) were
unfolding with substantial leadership from the European Commission
(Chap. 2).

The draft human genome sequence was published in the journal Nature
in 2001. This article referred to the sequencing effort as the “Human
Genome DProject” and defined this project as an “international
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collaboration” that had started in 1990 and was scheduled to conclude
with the release of a more final sequence, which appeared in a follow-up
publication, also in Natwure, in 2004 (International Human Genome
Sequencing Consortium, 2001, pp. 860 and 862; 2004 ). Since then, press
coverage, popular literature and a substantial amount of academic scholar-
ship have depicted a single, international Human Genome Project.! The
depiction of the role of the European Commission (EC) as a funder and
broker of genomic endeavours has tended to be restricted to yeast sequenc-
ing and presented as an antecedent to the Human Genome Project. As we
discussed earlier in the book, this consideration of S. cerevisine as a pilot or
model platform for human sequencing aligns more with the US yeast
genome effort than with the EC one. The EC, rather, selected yeast as an
industrially-significant organism that would foster economic growth and
scientific collaboration across its member-states (Chap. 2; see also
Parolini, 2018).

In this chapter, we continue augmenting the historical landscape of
genomics and de-centring it beyond the production of a human reference
sequence. We start by arguing that instead of a monolithic Human
Genome Project (with capitals H, G and P), a plethora of national and
international human genome initiatives co-existed from the mid-1980s
onwards with different rationales, spokespersons and funding regimes.? As
late as 1996, the strategy of tackling the whole human genome via the
concerted action of a handful of large-scale sequencing centres was not yet
dominant. Contemporary historical accounts (e.g., Cook-Deegan, 1994,

I'This terminology was already present in the 1990s and early 2000s, especially among
scholars based in the USA and working on the socio-cthical implications of “the Human
Genome Project” (Kevles & Hood, 1992; Sloan, 2000). As we show later in the chapter, this
literature often conflated the international sequencing effort with the US national human
genome project. Europe-based scholars have tended to be more nuanced and distinguish
different initiatives and approaches to the human genome (Glasner & Rothman, 1998).
Later sociological and historical investigations have continued to refer to the Human
Genome Project, acknowledging the multiple genealogies behind the genesis of this term
(Hilgartner, 2017; Stevens, 2013).

2For a survey of different human genome efforts written at the time they were developing,
see McLaren (1991), Cook-Deegan (1994, Ch. 14) and the section “European contribu-
tions” from the Spring 1991 newsletter of the UK Human Genome Mapping Project: Nigel
K. Spurr (ed.) G-Nome News, volume 6: 30-69, National Archives of the UK at Kew
(London), Medical Research Council Series, file number FD7,/2745. In this chapter, we
focus on the national human genome projects of the USA and UK, and to a lesser extent on
the EC’s Human Genome Analysis Programme.
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Part Three) document that only one national initiative unambiguously
sought, from the onset, to produce a physical map and a reference sequence
of the entire human genome: the joint programme of the USA’s
Department of Energy (DoE) and National Institutes of Health (NIH).
Due to this, a widely accepted meaning of the capitalised phrase ‘Human
Genome Project’ during most of the 1990s was just the US national effort,
which itself adopted that name.

We designate the US national programme throughout this chapter as
‘US-HGP’. It formally commenced in 1990, when some other national
human genome projects were already underway, and had as a defining
characteristic the concentration of NIH and DoE funding in a series of
centres that specialised in various aspects of genomics, such as physical
mapping, large-scale sequencing, bioinformatics or technology devel-
opment (Hilgartner, 2017, Ch. 2 and pp. 91-110). Some of these cen-
tres already existed and were devoted to other types of research, such as
medical genetics or, in the case of those supported by the DoE, the
effects of radiation on DNA. Others were created de novo to compre-
hensively sequence the human genome and those of pilot organisms,
such as yeast (Chap. 2). All of the centres were committed to the objec-
tive of full genome mapping and sequencing, a feature that distin-
guished the US-HGP from many other contemporary human genome
programmes. As we highlight, a leading architect in the design of the
new centres and advocate of their whole-genome approach was the
Nobel Prize-winning molecular biologist—and co-discoverer of the
double helical structure of DNA—James Watson, who led the NTH arm
of the US-HGP until 1992.

Among national human genome programmes, the objective of map-
ping and sequencing the whole human genome was unique to the
US-HGP, as was the prominence of a leader such as Watson. The main
insights of this chapter stem from comparing the US programme with
another, less well-known national initiative: the UK Human Genome
Mapping Project (HGMP). Launched one year earlier, in 1989, and
funded by the British Government through its Medical Research Council
(MRC), the HGMP did not create large-scale sequencing centres. As with
many other emergent human genome projects, its strategy aligned with
the distributed, network approach that the EC was forging for the sequenc-
ing of yeast (Chap. 2).

The HGMP enabled the MRC to secure funds from the UK Treasury
for a Directed Programme of grants specifically tailored to map and
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sequence human DNA. The recipients of those grants were laboratories in
the fields of human genetics and, especially, medical genetics. Those recip-
ients and the ways they aimed to tackle the human genome were key dif-
ferences between the British programme and the US-HGP. Rather than
promoting a new breed of whole-genome-oriented practitioners, as the
DoE and the NIH were fostering, the HGMP funded and coordi-
nated research groups that kept working on specific parts of the human
genome. In other words, the communities of genomicists that constituted
each programme differed. Although the beneficiaries of HGMP grants
collectively produced map and sequence data across the genome, they
retained their individual identity as specialists in diseases or biological phe-
nomena affecting only certain genome regions. Conversely, the specialism
of the DoE and NIH-funded genomicists increasingly tended towards the
large-scale mapping and sequencing of the entire human genome.

The HGMP beneficiaries used their grants to develop mapping and
sequencing methods aimed at positioning, within human chromosomes,
DNA fragments encompassing genes or gene markers associated with dis-
eases, or any other biologically or medically relevant characteristic. They
were assisted by a resource centre that the HGMP established as both a
technological hub and a repository of the genomic data produced by the
laboratories in receipt of Directed Programme funding (Balmer, 1998;
Glasner, 1996). Apart from providing technical support and advice to the
HGMP-funded laboratories, the resource centre pooled their mapping
results and compiled them in databases.? It also conducted partial sequenc-
ing of the mapped DNA fragments, particularly the regions corresponding
to genes that were thought to be involved in the genetic diseases that the
HGMP laboratories investigated. This work was developed in collabora-
tion with gene-specific sequencing groups sponsored by the Human
Genome Analysis Programme, an initiative that the EC launched in 1990
that followed the distributed model it had just implemented for the yeast
sequencing project (Chap. 2).

The HGMP Resource Centre differed from the US-HGP genome cen-
tres in two key aspects: (1) it fulfilled a service role and conducted map-
ping and sequencing work at the request—and based on the results—of
the Directed Programme-funded laboratories rather than comprehensively

3 As we see later in the book, the Resource Centre provided mapping tools and assistance
to other communities throughout the 1990s, such as those involved in the mapping of the
genome of the pig, Sus scrofa (Chap. 5).
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sequencing at its own initiative; and (2) the map and sequence data it
compiled represented only the areas of interest of the contributing labora-
tories and was thus not intended to be a complete representation of the
whole human genome. As we argue, out of the HGMP, HGAP and other
groupings of human and medical geneticists—such as the chromosome
mapping workshops—a community of genomicists emerged, one that was
larger and more diverse than the one working at the genome centres con-
ducting the US-HGPD.

This contrast enables us to conclude that a key factor distinguishing the
US-HGP from the HGMP, and more generally from the distributed
approach promoted by the EC, was in the assemblage of the research com-
munities and funding regimes underlying each of them. In the case of the
US-HGP, this assemblage embodied Watson’s vision, his circle of influ-
ence and the joint funding provision of the DoE and NIH. Watson was a
founder of molecular biology and, from the late-1960s onwards, had been
instrumental in structuring this community from his position of director
of Cold Spring Harbor Laboratory (CSHL). One of the pillars in this
structuring process had been fostering the shared belief in the mechanistic
action of genes and the community’s commitment to detailed investiga-
tions of model organisms. It was hoped that a full molecular description of
those organisms would unveil the role of genes in a myriad of biological
processes.*

As we showed in the previous chapter, the worm Caenorbabditis elegans
had become one such model organism. It was at CSHL where, in 1989,
Watson met John Sulston, Alan Coulson and Robert Waterston, and insti-
gated the start of the worm’s sequencing project. The designated host
institution of the project in the USA, Washington University, subsequently
inaugurated a genome centre and undertook the sequencing of two other
organisms: yeast and H. sapiens. This intensive and scaled-up approach
differentiated the genome centres from the distributed model that the EC
was promoting in its sequencing programmes (Chap. 2). The status of
C. elegans and yeast as model organisms was one of the reasons that led
Watson to regard them as suitable pilot platforms to inform the mapping
and sequencing of the human genome. He did not hesitate in adopting
the same genome centre model when the US-HGP—a self-contained,

#Other crucial figures in spreading the influence of molecular biology and promoting its
mechanistic view of gene action were Sydney Brenner (discussed below) and co-elucidator of
the DNA double helical structure, Francis Crick (Aicardi, 2016).
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national initiative as opposed to the multi-country programmes of the
EC—sponsored the comprehensive human genome sequencing effort.
Under Watson’s leadership, the US-HGP was the vehicle for producing a
reference sequence from which the connections between genes and bio-
logical properties—implicating evolution, health and disease—could later
be drawn.

The HGMP was also promoted by a founding figure of molecular biol-
ogy: the proponent of C. elegans as a model organism, Sydney Brenner.
Yet the MRC, partly due to the size of the UK relative to the USA, lacked
the resources to launch a whole-genome initiative on its own. This led
Brenner and the MRC to look at the communities of human and medical
geneticists as possible allies to execute the project. Unlike molecular biolo-
gists, these communities were interested in variation rather than compre-
hensive standard descriptions as an entry point into investigating gene
function. Consequently, their motivation to tackle the human genome was
not achieving a complete reference sequence, but using the reference
sequence data as a scaffold to aid in the determination of variants associ-
ated with diseases or evolutionary traits. Identifying and investigating
variation, as opposed to establishing a canonical reference sequence, was
thus a driving force behind the organisation of the HGMP and its indiffer-
ence to adopting whole-genome approaches. From the viewpoint of the
many laboratories supported by the HGMP Directed Programme, focus-
ing on specific genome regions that could be compared with either other
organisms or between patients suffering a genetic condition and non-
sufferers was far more useful than mapping and sequencing the entire
human genome.®

In what follows, we show that the differences in the funding systems,
organisational models, communities and genomicists involved in the
HGMP and US-HGP assemblages point to a diverse landscape. This
diversity is difficult to grasp from a perspective that narrowly focuses his-
torical inquiry on the human reference sequence published in 2001 and
2004. What is now associated with a single, coherent and successful
Human Genome Project represents just one route through complex

*Elsewhere, we have characterised these different approaches through the categories of
horizontal and vertical sequencing. Whereas horizontal sequencing would involve producing
a one-dimensional reference genome, the vertical strategy would explore sequence variation
in one specific genome region across individuals or different species, with the aim of aug-
menting clinical or evolutionary knowledge (Garcia-Sancho, Leng et al., 2022).
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historical terrain. Our ability to identify the web of pathways that criss-
cross this terrain enables us to extend our historical interrogation from
yeast to H. sapiens. The multiplicity of both parallel and interwoven lin-
eages in the development of the HGMP and US-HGP indicates that the
historical landscape was as heterogeneous in human as in non-human
genomics. By looking both within and beyond human genomics, we can
highlight the factors that led to the increasing prominence of the human
reference genome. This enables us to assess its significance in a fresh light,
while at the same time preventing it from narrowing our vision.

3.1  TaHE ExcerrioN RATHER THAN THE RULE

In 1988, Watson supplemented his CSHL directorship with a new role as
associate director of the freshly-established NIH Office for Human
Genome Research. He had held the CSHL position since 1968—15 years
after co-elucidating the DNA double helix and 6 years after receiving the
Nobel Prize—and transformed this institution into the most influential
forum of molecular biology. CSHL held annual symposia in which the
invitees, considered to be the international elite of molecular biologists,
would discuss pressing scientific challenges. The 1986 symposium had
been devoted to the Molecular Biology of Homo sapiens and became one of
the first settings in which the feasibility of mapping and sequencing the
human genome was assessed. The enormous size of the human genome—
three billion DNA nucleotides compared to the 12 million of yeast and
100 million of C. elegans—made the viability and utility of the enterprise
a matter of debate within and outside the CSHL meeting. In his 1988
CSHL director’s report, Watson expressed concerns about his increased
responsibilities and the stress of commuting. He considered, however,
that the remit of the new NIH Office—implementing a national human
genome programme in the USA—represented a one-time “opportunity”.
From this new position, Watson could let his scientific life “encompass a
path from double helix to the three billion steps of the human genome”.%

Watson’s commitment to the sequencing of the human genome was
shared by scientists and administrators at the DoE. However, rather than
completing the molecular description of DNA—from ascertaining the

¢“Director’s report” in Annual Report 1988—Cold Spring Harbor Laboratory: 1-24,
quote from p. 5. We thank Robert Cook-Deegan at Arizona State University for generously
providing access to this record.
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double helix to laying out its nucleotide sequence—what the DoE human
genome advocates sought was to build on a longstanding tradition of inves-
tigating the genetic effects of radiation. This line of research had started
after World War 11, following the dropping of the atomic bombs and their
devastating medical effects on local populations in Hiroshima and Nagasaki
(Lenoir & Hays, 2000; Lindee, 1994). It had led to the reorientation of
some of the personnel and research programmes of DoE-funded laborato-
ries from physics to the life sciences. An example of this was Los Alamos
National Laboratory, which after playing a leading role in the wartime race
to develop the atomic bomb—it was the home of the flagship Manhattan
Project—devoted a growing proportion of its mathematics expertise and
computing resources to solve biological and medical problems.

Due to this, Los Alamos was chosen as the institution that would host
the first centralised DNA sequence database in the USA—GenBank—in
1982 (Strasser, 2019, Ch. 5). A few months prior to the 1986 symposium
at CSHL, DoE representatives organised a workshop in Santa Fe and sub-
sequently announced a pioneering programme called the Human Genome
Initiative.” As a result of this, the biomedical lines of research at two other
DokE-sponsored institutions, the Lawrence Berkeley and the Lawrence
Livermore National Laboratories, were strengthened and largely chan-
nelled towards technology development and genome-wide mapping and
sequencing of human DNA. That the DoE network of national laborato-
ries was equipped with personnel and infrastructures to conduct big sci-
ence endeavours was a competitive advantage that favoured their early
leadership in the incipient human genome work in the USA.®

How the Dok initiative converged with the NIH effort has been amply
described in the literature (Cook-Deegan, 1994, Part Three; Hilgartner,

7The CSHL and Santa Fe meetings had been preceded by a workshop convened in 1985
by Robert Sinsheimer, a molecular biologist who was then chancellor of the University of
California at Santa Cruz. Its participants cited multi-million dollar grants that the University
had been awarded in the areas of particle physics and space science to argue for the necessity
of a similar NIH investment in a human genome programme. No significant NITH move
occurred until three years later (Sinsheimer, 1989).

8While the DoE’s advocacy and pursuit of human genomics was motivated by the tracking
of heritable radiogenic genetic mutations, they also needed to find new purposes for their
national laboratories in the light of arms reduction treaties. In genomics, key DoE figures
saw the potential for a big-enough science that would take the place of weapons development
and make use of expensively-assembled facilities. This prompted the acerbic comment by
David Botstein that the DoE’s plans constituted a program for unemployed bomb-makers
(Cook-Deegan, 1994, pp. 96-100, quote from p. 98).
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2017, pp. 91-110). In 1988, two reports issued by the US National
Academy of Sciences and the Office of Technology Assessment recom-
mended a single national initiative that would initially focus on physical
mapping and improving the existing instrumentation to create a platform
for sequencing the human genome in the longer term. This led the DoE
and NIH to merge their endeavours into the US-HGP, a 15-year pro-
gramme that was launched in 1990 with a three billion dollar budget that
was contributed towards by both agencies, the former through the Office
of Health and Environmental Research and the latter through the National
Center for Human Genome Research, an expanded version of Watson’s
Office that was later renamed as the National Human Genome Research
Institute (NHGRI).? The explicit goal of the US-HGP was to produce a
physical map and reference sequence of the whole human genome by 2005.

What we want to stress concerning the history of the US-HGP is how
this initiative, and other contemporary human genome projects, disrupted
the funding and organisational regimes of biomedicine. This disruptive
effect has already been noted by scholars who have investigated the impact
of big science and data-intensive approaches on different areas of contem-
porary biological and medical research (Leonelli, 2016; Stevens, 2013;
Vermeulen, 2016).!° With regard to genomics, Stephen Hilgartner has
argued that it propelled a new “knowledge-control regime” that was dis-
tinct from existing disciplines, such as molecular biology. This regime con-
stituted new categories of “agents, spaces, objects and relationships”, and

The National Center for Human Genome Research was established in 1989 and renamed
as the NHGRI in 1997. Also in 1997, the DoE changed the name of'its office to Biological
and Environmental Research. Given that in subsequent chapters we refer to events that
occurred under the new names, we use NHGRI throughout the book for ease of reading.
Watson was appointed director of the National Center for Human Genome Research and
remained in this position until his resignation in 1992. Elke Jordan, who had acted as day-
to-day director of the NIH Office—while Watson was part-time associate director—became
deputy director of the National Center until 2002, overseeing its transition to NHGRI and
the early years of that institution.

1"The existence and impact of data-intensive endeavours is not exclusive to the twentieth
and twenty-first centuries. Historians have documented how expeditions to Asia, Africa and
the Americas in the early-modern period led to the introduction of large amounts of new
knowledge in Europe, and a feeling of “information overload” that was crucial for the emer-
gence of natural history (Miiller-Wille & Charmantier, 2012; Rosenberg, 2003). Building on
this, Bruno Strasser (2019) has forcefully argued that the perspective of obtaining new
knowledge through the collection, compilation and comparison of specimens and data about
them has always existed in the life sciences and interacted in different ways with more experi-
mental approaches.
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allocated to them “entitlements and burdens” that led to novel ways of
conceiving and disseminating knowledge (Hilgartner, 2017, p. 9).

Hilgartner’s empirical work has focused on the US-HGP as an exem-
plar of new players—the genome centres—and new rules for processing,
storing and sharing the data they produced. Crucially, the emergence of
the knowledge-control regime of genomics was neither immediate nor
uniform. It occurred gradually throughout the 1990s, with more intensity
in some parts of the world than in others. The rest of this chapter empha-
sises the gradualism of the transformation within the US-HGP, and how
other human genome programmes adopted different knowledge-control
regimes. Some of these alternatives to the US-HGP, we argue, never con-
verged with what Watson and his DoE colleagues advanced.

A challenge that the NHGRI faced was in transforming the funding
culture of the NIH into a system that would enable large-scale mapping
and sequencing. Like many other biomedical funders, NTH managers and
administrators were used to issuing competitive calls for proposals and
awarding grants across relatively large numbers of laboratories, following
peer review of their applications. This differed from the DoE model, which
rather than running a responsive grant mechanism would distribute their
budget among a narrower cohort of recipients: its network of national
laboratories. The DoE funding system had allowed the creation of a num-
ber of genome centres that prioritised the production of map and sequence
data via the development of high-throughput technologies and the deploy-
ment of industrial modes of production. These genome centres were
based in some of the DoE laboratories and had begun operating during
the preceding Human Genome Initiative. Although Watson could not
exempt the NHGRI from the NIH grant-award system, he established
different, specific criteria when distributing US-HGP funds with the aim
of fostering a similar type of operation to the DoE one.

The main criterion for NHGRI grants was whether the applicants
and their home institutions could contribute to the establishment of a
solid base of whole-genome mapping and sequencing centres. With
this, Watson sought to avoid what he labelled the “cottage industry”
approach, which he attributed to the sequencing of microorganisms
(Watson, 1990, p. 45). This approach consisted in the formation of
large inclusive consortia and required the distribution of resources as
widely as possible among the communities working on the organisms to
be characterised. Watson’s attribution of “cottage industry” was
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initially aimed at the sequencing of the bacterium Escherichin coli, but
as the 1990s progressed, the EC’s Yeast Genome Sequencing Project
emerged as the most widely cited example of cottage industry genomics
(e.g. Palca & Roberts, 1992, p. 957).

For Watson, the cottage industry approach presented several logistical
problems when applied to larger genomes. Instead, the NHGRI sought to
gradually form a small set of funding recipients with industrial mapping
and sequencing capacities that were not necessarily interested in conduct-
ing research using the resulting data. This change of ethos, however, did
not become fully implemented in the USA until the mid-to-late 1990s,
partly due to the resistances it encountered among some quarters of the
genetics community. !

During the early days of the US-HGP, the NHGRI administrator in
charge of distributing genome mapping grants was Jane Peterson. She
worked hard to persuade laboratories equipped with the appropriate tech-
nologies and expertise to broaden the genome areas they would tackle.
Some of these laboratories featured long-established teams of medical
geneticists that had historically focused on smaller regions of human chro-
mosomes encompassing genes or genetic markers connected to diseases.'?
Examples of this were Victor McKusick and Frank Ruddle’s groups, at
Johns Hopkins University and Yale University respectively. These two sci-
entists (Fig. 3.1) had pioneered the chromosome mapping workshops,
forums at which geneticists from all over the world shared their mapping
results.

Started in 1973 and continued annually or biennially until the release
of the human reference genome, these workshops produced human
genome maps with increasing numbers of genes and markers on them, and
at improved resolution (Fig. 3.2).13 They achieved this through the colla-
tion of multiple partial results: those reported by individual genetics

1See, for instance, Ayala (1987); Baltimore (1987). Some commentators, including
reputed biomedical scientists, argued that the potential outputs of the US-HGP, in the form
of a full human genome map and sequence, did not justify an expenditure that would curtail
other areas of life science research.

2Jane Peterson, interview with Miguel Garcfa-Sancho, National Human Genome
Research Institute (Bethesda, Maryland), November 2018.

13Until 1991, such meetings were called Human Gene Mapping Workshops. These were
subsequently replaced by Single Chromosome Workshops under the auspices of the Human
Genome Organisation (HUGO; see Chap. 4).
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Fig. 3.1 Victor McKusick (left photograph, second seated from left) with fellow
medical geneticist P. S. Gerald; and Frank Ruddle (right photograph, standing
wearing a white shirt) surrounded by, among others, G. J. Darlington and
R. S. Kucherlapati. They were all attending the first chromosome workshop, held
at Yale University in 1973. Both pictures from: New Haven Conference (1974,
pp- 209 and 211); copyright © 1974 Karger Publishers, Basel, Switzerland

groups working on a specific disease or set of diseases at given chromo-
somal locations. By collectively gathering and pooling these results, the
workshops gradually covered broader areas of the chromosomes and
populated them with an increased number of landmarks (Jones & Tansey,
2015). In 1987, building on the success and consolidation of this model,
McKusick and Ruddle co-founded Genomics, a journal devoted to the
publication of mapping results (Kuska, 1998; Powell etal., 2007, pp. 13ff).
Yet in order to achieve the US-HGP goals, the NHGRI needed to fund
institutions—rather than collectives—whose mapping went well beyond
the contributions to the chromosome workshops or the results published
in the articles of Genomics.

On the sequencing front, the NHGRI initially funded a small number
of individual grants aimed at model organisms with relatively small
genomes, such as E. coli, C. elegans, and D. melanogaster, as well as a num-
ber of yeast (S. cerevisine) chromosomes (Chap. 2). Some, but not all, of
these grants were among the first set of genome centre grants funded in
1990. Strategically, not only were those grants intended to contribute
towards the completion of the sequences of their target organisms but,
more importantly in the long term, to act as platforms for technology
development and the creation of the infrastructures for the establishment
of sequencing centres. In 1996, the NHGRI awarded a set of six grants as
pilots for human genome sequencing; these projects had a minimum
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Fig. 3.2 DPart of the genetic linkage map and physical map of human chromo-
some 18, as reported in the Fourth International Workshop devoted to its map-
ping, held in Boston (USA) in 1996. The genetic linkage map is displayed on the
left of the picture and labelled as “Genetic map”, with the physical “RH map”
arrayed next to it (Radiation Hybrid—RH-—maps are a form of physical map).
From: Silverman et al. (1996), p. 119; copyright © 1996 Karger Publishers, Basel,
Switzerland

target of sequencing one Megabase (one million nucleotides, or bases) of
human DNA. With the information and experience gained in these pilots,
the NHGRI scaled up its sequencing programme in 1999 with the fund-
ing of three Genome Sequencing Centers at Washington University,
Baylor College of Medicine and the Whitehead Institute (of the
Massachusetts Institute of Technology and Harvard University). At all
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three of these sites, the sequencing centres were outgrowths of previously
funded genome centres and pilot sequencing projects.!*

A defining characteristic of those sequencing centres was that their
funding and organisation prioritised the completion of their target
genomes over any other scientific or medical objective, including the map-
ping of genes or markers associated with diseases. This form of operation
was difficult to deploy beyond the USA. For example, in most European
countries, governments had neither the resources nor the motivation to
create specific grants for large-scale genome mapping and sequencing at
dedicated centres. Private and charitable funds, by contrast, had fewer
constraints and could be more easily channelled to a particular enterprise
or group, as opposed to having to support a wider scientific community.
This was the case for the Wellcome Trust, a British charity that teamed up
with the MRC in 1992 to create the Sanger Institute, an institution that
substantially contributed to the completion of the yeast, C. elegans, human
and pig genomes (Chaps. 4 and 5). Another example of a charitably-
funded genome centre was Généthon, supported by AEM-Téléthon, the
French Muscular Dystrophy Association. Established in 1990, this institu-
tion was devoted to comprehensive mapping and quickly became a world
leader in the production of genetic and physical maps encompassing the

4 Mark Guyer, director of the NHGRI’s extramural (grant-funding) programme; personal
communication with Miguel Garcfa-Sancho, National Human Genome Research Institute
(Bethesda, Maryland), November 2018. On the history of the Center for Genome Research
at the Whitehead Institute, which became part of the Broad Institute, see Garcia-Sancho,
Leng et al., 2022. Its leader, Eric Lander, had a vision of genome mapping and sequencing
that differed from the traditional ways of working of medical geneticists. The group behind
the Human Genome Sequencing Center at the Baylor College of Medicine, by contrast, was
furnished with a strong tradition in medical genetics research. See: Jim Lupski, “Applications
of sequencing in clinical genetics”, presentation delivered at The Evolution of Sequencing
Technology: A Half-Century of Progress meeting, organised by the Genentech Center and
Cold Spring Harbor Laboratory Archives in Long Island, 16th-19th July 2015. Available at:
http://library.cshl.edu/Meetings/sequencing,/video-pages/Lupski.php (last accessed 14th
December 2022). Most scientists in this group have had double affiliations, also belonging
to the Department of Molecular Genetics of Baylor College. This enables them to perform
large-scale sequencing at the Genome Center alongside medical genetics research at the
Department of Molecular Genetics.
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entire human genome.'® Généthon combined whole-genome work at
its own initiative with a service role, attending to mapping requests
from the French medical genetics community. This service role differenti-
ated it from the US sequencing centres (Jordan, 1993, pp. 131ft;
Kaufmann, 2004).

In spite of their influence, Généthon and the Sanger Institute were
exceptional cases outside the USA. The US-HGP was rather unique in its
commitment to full human genome mapping and sequencing when com-
pared to programmes introduced by other governments, especially in
Europe.’® Those other programmes did not distinguish the human
genome work they sponsored as sharply from medical genetics research as
the US-HGP did. For this reason, they refrained from focusing on pro-
ducing a reference map and sequence of the full human genome and were
closer to the distributed, networked organisation that the EC was imple-
menting in its sequencing projects. This distributed form of organisation
was more suitable for fostering communication and tailoring the genome
work to the regions of interest of the local medical genetics communities.
The British HGMP was one of the earliest examples of this way of
approaching the human genome.

15As we have shown elsewhere, Généthon was the institution that submitted the largest
volume of human DNA sequence data to public repositories prior to 1996, well above any
other laboratory, including the Sanger Institute and the US-HGP genome centres (Garcia-
Sancho, Leng et al., 2022, Table 1, p. 334). This sequencing, however, was conducted to
enable mapping work rather than to comprehensively characterise the human genome. In
1996, the publicly-funded French atomic energy commission (Commissariat a I’énergie
atomique; CEA) created Genoscope, a sequencing centre that contributed to the elucidation
of the human reference genome, albeit to a lesser extent than its US and British counterparts
(Ramillon, 2007). The French CEA was also involved in early mapping and sequencing work
on the pig S. scrofa, as we see later in the book (Chap. 5).

1*Some Asian programmes pursued whole human genome sequencing. During the 1980s,
Japan invested heavily in the automation of sequencing techniques and deployed an ambi-
tious human genome project (Fujimura, 2000; Yoshikawa, 1990; Cook-Deegan, 1994, Ch.
15). Yet the Japanese DNA sequencing machines were never as popular as those manufac-
tured in the USA and Europe, and Japanese institutions performed below the British and US
genome centres, despite being involved in the human reference sequence. China created
high-throughput sequencing centres—namely the Beijing Genomics Institute—but only
joined the production of the human reference genome in the late-1990s (Wang et al., 2021).
In the Americas, Canada created human genome programmes that were more in line with
the HGMP and the EC (Dusyk, 2007).
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3.2  Tae UK HumMAN GENOME MAPPING PROJECT

In 1989, one year before the launch of the US-HGP, the British Government
authorised the release of 11 million pounds to fund the HGMP, a three-
year programme that would be managed by the MRC.' The key propo-
nents of this initiative were Brenner, a senior scientist who had just left the
Laboratory of Molecular Biology of Cambridge (LMB) after a successful
30-year tenure, and Walter Bodmer, a reputed geneticist who coordinated
the research laboratories of the medical charity Imperial Cancer Research
Fund (ICRF).!8 Keith Peters, a practising physician with ample experience
in teaching and researching immunology at London’s Hammersmith
Hospital, had presented the HGMP proposal on Brenner and Bodmer’s
behalf to the Advisory Committee on Science and Technology (ACOST).
This body directly reported to the UK Prime Minister—in this case
Margaret Thatcher—on projects that were likely to generate impact and
required rapid funding. It approved the HGMP on Peters’ recommenda-
tion and transferred the funds in less than one year (Balmer, 1996).

The prime mover behind the HGMP was Brenner. He had moved to
Cambridge (UK) in 1956 to begin his research career, having recently
concluded his PhD. Watson had also moved to Cambridge at the same
stage in his career and returned to the USA the same year Brenner arrived
in the UK. Brenner became the main collaborator of physicist-turned-
biologist Francis Crick, who had successfully worked out the structure of
DNA with Watson. Up to the early-1960s, Crick, Brenner and Watson
focused on what became known as the coding problem: how the order of
the nucleotides comprising DNA affects the synthesis of specific proteins
that are responsible for most of the structural and functional aspects of the
living cell (de Chadarevian, 2002, Part II; see also Kay, 2000).

In 1962, the same year Watson and Crick were awarded the Nobel
Prize, the LMB was founded as an MRC-supported institution that would
host an increasingly influential group of biologists in Cambridge. Crick
became the director of the LMB Division of Molecular Genetics and

17 According to the UK Retail Price Index measure of inflation, the equivalent sum as of
November 2022 would be about 26.7 million pounds. https: //www.bankofengland.co.uk/
monetary-policy/inflation /inflation-calculator (last accessed 14th December 2022).

¥Tn 2002, ICRF merged with The Cancer Research Campaign to form Cancer Research
UK. A substantial part of its laboratories have now been amalgamated into the Francis Crick
Institute in London, see https://www.crick.ac.uk /about-us/our-history (last accessed 14th
December 2022).
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Brenner started a long-term line of research, adopting the nematode worm
C. elegans as a model to investigate the genetics of development and
behaviour. This enterprise sought a detailed description of the worm’s
neuron circuitry, as well as its development from embryo to adult, with the
hope of finding the “programme” that connected brain activity and cell
differentiation to particular C. elegans genes.' The project included cross-
ing experiments in which Brenner attempted to produce mutant worms
and identify specific genes associated with variation in properties such as
size or mode of movement, as geneticists had done with the fruit fly
Drosophiln and other organisms. Brenner also recruited more junior associ-
ates that would carefully detail the fates of every single cell throughout the
C. elegans life cycle—its cell lineages—and the position and synaptic con-
nections of each neuron in its brain.?® To this end, John Sulston joined the
LMB in 1969 to chart the multiple divisions of cells during the worm’s
embryonic and post-embryonic development (de Chadarevian, 1998).

By the time Brenner first proposed to map the human genome, in
1986, the worm project was experiencing a profound transformation. The
description of cell lineages and brain connectivity had been completed by
the early-1980s and a project to construct a physical map of its genome
had started under the leadership of Sulston and Alan Coulson (Fig. 3.3).
Coulson was a research assistant who joined the team after working at
another LMB division on the development of early DNA sequencing tech-
niques. Brenner, however, was becoming increasingly sceptical about the
possibility of matching the detailed information his team had gathered

YSee Brenner (1973, p. 271; 1974, p. 71). This language of programmes, circuitry and
information flows had been mobilised by cybernetics after World War II and imported into
molecular biology by various researchers, among them Frangois Jacob and Jacques Monod
at the Pasteur Institute in Paris. During the early-1970s, Jacob and Monod published popu-
lar accounts that further spread the use of cybernetic vocabulary in biology (Kay, 2000;
Rheinberger, 2006). The Pasteur Institute played a major role in the EC’s yeast genome
effort (Dujon, 2019) and Mark Johnston, one of the leading yeast sequencing scientists in
the USA, started his career with the S. cerevisine GAL system (Chap. 2), a closely related gene
expression system to the one Jacob and Monod had explored back in the 1960s.

200n the deeper history of cell lineage research, reaching back to the late-nineteenth and
carly-twentieth century, see Guralnick (2002); Lowe (2016); and Maienschein (1978,
1990). Concerning cell lineage research on C. elggans, see de Chadarevian (1998) and Jiang
(2013). The ability to trace the lineages of adult cells back to cell divisions earlier in develop-
ment—and therefore the fates of those earlier cells and divisions—provides the basis for
precise experimental intervention, for example being able to assess changes wrought on the
process of development and resultant outcomes by a mutation in a gene or genes.
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Fig. 3.3 Left, Sydney Brenner with co-discoverer of the double helical structure
of DNA, Francis Crick, at the Laboratory of Molecular Biology of Cambridge in
1962. Right, John Sulston holding a section of the physical map of C. elegans
around 1985 (pictures of the nematode worm are pinned to the wall behind him).
Copyright of left image: Hans Boye/MRC Laboratory of Molecular Biology.
Copyright of right image: MRC Laboratory of Molecular Biology. Both repro-
duced with permission

about cell divisions and synaptic transmissions in C. elegans to the genes
Sulston and Coulson would identify in their map, given the complexity of
developmental processes in multicellular organisms (Lewin, 1984).

Partly because of this, in the same year of his human genome map pro-
posal, Brenner left the LMB and established a Molecular Genetics Unit
that, despite being also supported by the MRC, was part of the School of
Clinical Medicine of the University of Cambridge. In this Unit, Brenner
continued some work on the genetics of C. elegans but left the physical
map to Sulston and Coulson, who remained at the LMB. The other lines
of research in Brenner’s Unit were the development of genome mapping

technologies and “certain aspects of gene evolution”.?!

2l Anonymous (1986) “Extract of minutes of the Council meeting held on Thursday 17th
July 1986—Molecular genetics: proposal from Dr S. Brenner (MRC Laboratory of Molecular
Biology) for a new Unit under his direction (86,/C616; file E243 /130)”, National Archives
of the UK at Kew (London), Medical Research Council Series, file number FD12 /1191,
quote from unnumbered page. Brenner had also concluded, by 1986, his tenure as director
of the LMB and was approaching retirement age. To some especially distinguished scientists
reaching this career stage, the MRC offered to create a more personally-managed research
unit for them.
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Brenner’s proposal was entitled “A physical map of the human genome”
and it was submitted in November 1986 to the Cell Board, the body of
the MRC that funded genetics research. In his case for support, he argued
that it was by then “not clear” whether the resources needed for a “central
facility” to sequence the entire human genome “would ever be made avail-
able”. This led Brenner to advocate for the construction of a physical map
not only as a “first necessary step towards the grander sequencing pro-
posal, but also for the more immediate benefits” it could bring “to medi-
cal research and practice”. Brenner’s vision started with a laboratory that
would “carry out” the mapping programme and “act as the reference cen-
tre for human genetics”. A “central concept” of his strategy was to estab-
lish “cooperative links and not enter into competition with individual
research projects”. In this regard, Sulston and Coulson’s ongoing physical
map of C. elegans provided a “useful benchmark” for Brenner’s intended
human mapping enterprise.??

At the time of this proposal, Brenner was serving on the committee of
the National Academy of Sciences that advised the US Government on the
plausibility and best strategy for conducting a human genome project. By
late 1986, the discussions were still nascent and the model of tackling the
entire human genome at dedicated and comprehensive mapping and
sequencing centres had not yet attained majority support. Nevertheless,
this comprehensive and concentrated strategy was gaining momentum in
the USA. The physical mapping exercise that Brenner envisaged for the
UK and the reference laboratory that would execute it differed in many
respects with what became the US-HGP.

First, and contrarily to Watson, who also served in the committee,
Brenner did not support a whole-genome operation. For Brenner, the size
of the human genome—30 times bigger than C. eleggans—meant that a
comprehensive mapping and sequencing initiative would yield a substan-
tial volume of data that would not correspond to genes. Biomedical scien-
tists were well aware that only a small fraction of human DNA constituted
genic regions, i.e., those directly involved in the synthesis of proteins. By
the mid-to-late 1980s and early-1990s, a large proportion of those scien-
tists—especially within the human and medical genetics communities—
regarded the remainder of the genome as ‘junk DNA”: repetitive sequences

228, Brenner (1986) “A physical map of the human genome”, National Archives of the UK
at Kew (London), Medical Research Council Series, file number FD23 /3441, quotes from
pp- 1 and 2.
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that were expected to be non-functional.?® Based on this common wis-
dom, Brenner argued that mapping and sequencing the entire human
genome was not a worthwhile enterprise (Brenner, 1990). He, however,
maintained his commitment to detailed descriptions of organisms that,
due to their simpler developmental processes, could be used to model the
molecular basis of life properties.?*

Secondly, the reference laboratory that would channel Brenner’s
genome project was conceived to operate at the behest of human and
medical geneticists. This was largely due to the framing of his proposal
against the background of the ongoing physical mapping of C. elegans.
Since 1983, Sulston and Coulson had mapped ever-increasing areas of the
worm’s genome by fulfilling requests of laboratories working on specific
C. elegans genes. This had been mutually beneficial and ensured that the
mappers were regarded as important, foundational members of the C. ele-
gans research community: Sulston and Coulson crucially contributed to
the objectives of this community, while increasing the resolution of their
physical map (Garcfa-Sancho, 2012). The genome centres that Watson
established for the US-HGP lacked this community service role: they
mapped and sequenced comprehensively, at their own initiative rather
than addressing requests from other laboratories. Although the genomes
of C. elegans and S. cerevisine were part of the remit of these large-scale
centres, the US-HGP approached the mapping and sequencing of both

23 Biomedical resecarch communities who were less focused on human genes and their role
in disease were more mindful of the importance of non-genic regions. This was the case for
developmental biologists, with whom Sulston and Coulson collaborated during the mapping
of C. elegans and for whom some non-genic DNA exerted a key role in inhibiting or activat-
ing the mechanisms of protein synthesis (Chap. 4). Up to the mid-to-late 1990s, it was
believed that the human genome was formed of around 100,000 genes. Following the pub-
lication of the first draft of the reference sequence (2001), this figure was reduced to 20,000
to 25,000 and the estimated percentage of protein-coding regions lowered to 1.5% of the
DNA in the human genome. On the origins of the term ’junk DNA’, see: https://
judgestarling.tumblr.com/post,/64504735261 /the-origin-of-junk-dna-a-historical-
whodunnit (last accessed 14th December 2022).

24 One of the flagship projects of Brenner’s newly-established Molecular Genetics Unit was
the full sequencing of Fugu, a pufferfish whose genome is characterised by a high-density of
genic regions and a lack of repetitive sequences. Using comparative approaches, Brenner
believed that Fugu’s genome would provide insights concerning the sequence and protein
synthesis mechanisms of human genes with a fraction of the effort of tackling the human
genome in its entirety (Venkatesh, 2019).


https://judgestarling.tumblr.com/post/64504735261/the-origin-of-junk-dna-a-historical-whodunnit
https://judgestarling.tumblr.com/post/64504735261/the-origin-of-junk-dna-a-historical-whodunnit
https://judgestarling.tumblr.com/post/64504735261/the-origin-of-junk-dna-a-historical-whodunnit
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organisms as a means of easing the path to human genome work rather
than engaging with the research necessities of worm and yeast biologists.?

Thirdly, and as a consequence of the above, Brenner’s project sought to
involve the existing human and medical genetics groups rather than creat-
ing a new community of genome centres and specialist genomicists. After
receiving Brenner’s proposal, the MRC sounded out the opinion of
reputed scientists and institutions in search of arguments for approval or
rejection, as well as possible sources of co-funding. One of Brenner’s first
allies was Bodmer, who belonged to a group of geneticists that in the
1960s and 1970s had pioneered the mapping of a region of the human
genome called the Human Leukocyte Antigen system (HLA).26 This
region contains densely-packed and hypervariable genes implicated in the
immune response to infection; the variability of many of these genes aided
their mapping (Lowy, 1987; see also Heeney, 2021). In his role of director
of research at ICRF, which he took up in 1979, Bodmer equipped the
charity’s laboratories with cutting-edge DNA mapping and sequencing
technologies (Weston, 2014, esp. Chs. 2-4). Another supporter of
Brenner’s proposal was Peters, who in 1987 moved from Hammersmith
Hospital to the University of Cambridge due to his appointment as Regius
Professor of Physic and Dean of the School of Clinical Medicine. From
this position, he oversaw the establishment of Brenner’s Unit in the school
and saw human genome mapping as an opportunity to connect genetics
research with medical goals.?”

Peters had also become life sciences adviser in ACOST and suggested
this committee—directly reporting to the Prime Minister’s Office—as a
potential source through which the MRC could obtain the necessary

%The genome centre at Washington University was headed by Sulston and Coulson’s
C. elegans collaborator, Robert Waterston. As we show in the next chapter, this collaboration
and Watson’s intervention were crucial for the redefinition of the worm genome effort from
& la carte mapping to comprehensive, large-scale sequencing, and for Sulston and Coulson’s
institutional migration to a UK-based genome centre (Chap. 4).

26 Another scientist who was heavily involved in the mapping of the HLA region was
French immunologist Jean Dausset. In 1984, following the award of the Nobel Prize,
Dausset established the Centre for the Study of Human Polymorphism (Centre d’Etude du
Polymorphisme Humain), from which Généthon was created. One of Dausset’s associates,
Daniel Cohen, led the human genome work at Généthon and collaborated with pig geneti-
cists in the mapping of the equivalent swine region: the SLA (Chap. 5).

7 Keith Peters, two-part interview with Miguel Garcfa-Sancho: in person (October 2013)
and by telephone (December 2013). Peters had previously attempted to persuade Brenner to
move to Hammersmith Hospital.
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funding for the human mapping project. In 1988, he formally endorsed
Brenner’s proposal and presented it to an audience that included Thatcher
and her chief scientific advisor. He emphasised his experience as a practis-
ing physician and argued that the resulting physical map would become
“the central tool for basic and applied research in the medical sciences”.?8
ACOST agreed to support the initiative, which was subsequently named as
the HGMP. This support materialised in an extra 11 million pounds that
the Treasury transferred to the MRC as an earmarked fund to be exclu-
sively spent in a Directed Programme of grants and a Resource Centre for
human genome mapping. The funding was for a three-year period (April
1989 to April 1992) subject to extension following a progress review.

From its inception, the HGMP sought to build an identity that distin-
guished it from other human genome projects, especially the one that was
already set to start in the USA. The US National Academy of Sciences had
issued its report a few months before Peters’ presentation to ACOST and,
by 1989, the NIH and DoE’s agreement to join forces in the US-HGP
was being ironed out. Given the extraordinary budget and timeframe of
the US effort—three billion dollars over 15 years—an carly concern for
the HGMP was how to make a differentiated contribution with a fraction
of the money and a much more limited time horizon.

Tony Vickers, the HGMP manager, argued in his first report to the
MRC in 1991 that in the UK there was “no individual enthusiasm” for
becoming involved “in mega-sequencing”, a task that was “unlikely to
yield rewards to compensate workers for the drudgery involved”. The
British biomedical community, however, had “substantial strengths” in
“many fields of genetics” where human genome mapping offered “prom-
ise of immediate and substantial pay-oft”. This short-term pay-off had
somehow been “left aside” by the US-HGP with its focus on comprehen-
sive, large-scale work at genome centres that were distant from the com-
munities that would use the map and sequence data. The HGMP sought
to take advantage of the prompt exploitation of results by involving the
human and medical genetics communities in the mapping exercise.?”

28K. Peters (1988) “Mapping and sequencing the human genome”, typescript of presenta-
tion to Margaret Thatcher with additional manuscript notes (courtesy of Keith Peters),
quote from p. 1. See also National Archives of the UK at Kew (London), Medical Research
Council Series, file FD23 /3442, and Bodleian Library (Oxford), Papers and Correspondence
of Sir Walter Bodmer, file MS. Bodmer 1304.

2T. Vickers (1991) “The UK Human Genome Mapping Project: project manager’s
report”, p. 4 (courtesy of Tony Vickers).
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Consequently, the research grants awarded by the Directed Programme
supported groups that were either developing mapping and sequencing
technologies, creating shared resources to aid in these operations, or
focusing on chromosomal regions connected to various types of genetic
conditions, among them disorders affecting blood (haemophilia), mental
health (aneuploidy syndromes) and muscular mobility (myotonic dystro-
phy). Of the five institutions in receipt of the largest amount of funding
(Fig. 3.4), four of them investigated different aspects of medical genetics:
ICRF, the Human Genetics Unit of the University of Edinburgh, the
Institute of Molecular Medicine at John Radcliffe Hospital in Oxford and
Guy’s Hospital in London.*®

The outcomes of the Directed Programme grants were delivered to the
Resource Centre. This institution was housed in the Clinical Research Centre,
a unit that the MRC had established in 1970 at Northwick Park Hospital (in
northwest London) to foster collaboration between biomedical research and
clinical practice. The Resource Centre was organised into two divisions that
were headed by a biological manager (Ross Sibson) and a computing man-
ager (Martin Bishop). Their duties involved assisting HGMP awardees in
various capacities, from conducting mapping and sequencing work on
request, to providing punctual support through their advanced technology
and expertise (Balmer, 1998; Glasner, 1996). To do this, Sibson and Bishop’s
teams liaised with the so-called “user community”, addressed their feedback
and ensured access to the shared resources. They also collated the map and
sequence data coming from the grant-supported laboratories.?!

30T. Vickers (1991) “The UK Human Genome Mapping Project: project manager’s
report”, Appendix, pp. 30ff; and T. Vickers (1992) “MRC Review of the UK Human
Genome Mapping Project: Project Manager’s Report”, Annex 1, pp. 100ff (both courtesy of
Tony Vickers). The contributions of ICRF, Guy’s Hospital and the Institute of Molecular
Medicine to the HGMP are detailed below. The Human Genetics Unit in Edinburgh housed
a group with a longstanding tradition of cytogenetic mapping, based on chromosomal
images that allowed the detection of malformations and helped diagnose diseases at the city’s
Western General Hospital (de Chadarevian, 2020). The institution with the largest share of
HGMP funding was the LMB in Cambridge, although more than half of this support was
awarded to Sulston and Coulson’s C. elegans sequencing project (see the caption to Fig. 3.4).

31 Ross Sibson, interview with Miguel Garcia-Sancho, Royal Liverpool University Hospital,
March 2014, see also: “The concept of a user”, in T. Vickers (1991) “The UK Human
Genome Mapping Project: project manager’s report”, pp. 14-16 (courtesy of Tony Vickers).
The Resource Centre hosted a sociological investigation of users’ experiences that was con-
ducted by Peter Glasner, Harry Rothman and Wan Ching Yee, all of them social scientists
who were working on the HGMP. The study was supported by funds that the different
human genome programmes devoted to ethical, legal and social aspects of genomics research
(Glasner et al., 1998).



PLACE INSTITUTION OR NO | VALUE
DEPARTMENT
(£KS)
BELFAST MEDICAL GENETICS 1 5
CAMBRIDGE GENETICS 2 692
MEDICINE 1 83
MRC LMB 7 2,011
MRC MOLECULAR GENETICS 2 710
UNIT
PATHOLOGY 8 580
CARDIFE GENETICS 1 44
DUNDEE BIOCHEMICAL MEDICINE 1 35
EDINBURGH CENTRE FOR GENETICS 1 106
RESEARCH
MRC HUMAN GENETICS UNIT 12 1,465
BIOCOMPUTING RESEARCH UNIT 1 76
MOLECULAR BIOLOGY 1 19
GLASGOW GENETICS 1 28
MEDICAL GENETICS 1 8
HARWELL MRC RADIOBIOLOGY UNIT 7 635
LEICESTER GENETICS 2 166
LONDON GUY'S 6 1.015
MRC HBGU AND GALTON LAB 9 641
ucL
IMPERIAL CANCER RESEARCH 8 1,565
FUND
IMPERIAL COLLEGE 7 399
INSTITUTE OF CANCER 1 2
RESEARCH
INSTITUTE OF CHILD HEALTH 2 22
MRC LEUKAEMIA UNIT 1 704
NIMR 1 79
ST MARY'S 6 747
UNIVERSITY 1 58
COLLEGE/MIDDLESEX
MANCHESTER | CELL AND STRUCTURAL 1 89
BIOLOGY
MEDICAL GENETICS 1 182
OXEORD BIOCHEMISTRY 6 741
DYSON-PERRINS (CHEMISTRY) 1 77
REGIONAL GENETICS CENTRE 1 65
IMM AND SURGERY 8 1079
PATHOLOGY 2 125
SALISBURY WESSEX REGIONAL GENRTICS 1 49
CENTRE
SOUTHAMPTON| BIOCHEMISTRY 1 69
(TOTALS) 108 14,349

Fig. 3.4 The level of grant support per institution that the UK Human Genome
Mapping Project had awarded by 1992, in thousands of pounds. Of the overall
£2,011,000 that the LMB (Laboratory of Molecular Biology) received, just

(continued overleaf)
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By 1991, a probe bank and a library of Yeast Artificial Chromosomes
(YACs) were being transferred from their originators—all of them Directed
Programme awardees—to the Resource Centre. The probe bank had been
compiled by Nigel Spurr, a researcher at Clare Hall Laboratories, one of
the ICRF divisions that Bodmer had equipped with the latest mapping
and sequencing instruments during the 1980s (Weston, 2014, Ch. 4). It
consisted of a series of DNA fragments whose known sequence enabled
screening and the detection of specific chromosomal locations. The YAC
library was a collection of human DNA fragments inserted in yeast cells
and kept under controlled conditions in cultures. It was used as a source
for chromosome mapping and derived from a collaboration between
David Bentley at Guy’s Hospital in London and Kay Davies at John
Radcliffe Hospital’s Institute for Molecular Medicine. Both scientists were
renowned for applying genetics research to medical problems—presented
by the patients of their home hospitals—and were regular recipients of
HGMP funding.??

<<
<

Fig. 3.4 over half (£1,150,000) went to co-fund the start of Sulston and
Coulson’s C. elegans sequencing project. The C. elegans grant was an outlier in the
funding policies of the HGMP and, as such, is further examined in Chap. 4.
Source: “Table 1: Distribution of HGMP awards (numbers and volume) amongst
centres” in T. Vickers (1992) “MRC Review of the UK Human Genome Mapping
Project: Project Manager’s Report”, p. 13. Report courtesy of Tony Vickers;
Table 1 reproduced by kind permission of the Medical Research Council, as part
of UK Research and Innovation

2N. Spurr (1990) “UK DNA probe bank: how it will function”, G-Nome News: the news-
letter from the UK Human Genome Mapping Project, number 3—February 1990, pp. 8-9,
available online at https://groups.google.com/g/bionet.molbio.genome-program/c/
dLgdQ83qTWY,/m/9eqUC4Ic3DM] (last accessed 14th December 2022). D. Bentley and
K. Davies (1990) “Yeast artificial chromosome resources and genome mapping”, G-Nome
News: the newsletter from the UK Human Genome Mapping Project, number 7—Summer
1991, pp. 17-20, National Archives of the UK in Kew (London), Medical Research Council
Series, file number FD7/2745. Only a few years later, in 1993, Bentley was chosen by
Sulston to lead the mapping and sequencing of whole human chromosomes at the Sanger
Institute, a UK-based genome centre that the MRC and the Wellcome Trust established
(Chap. 4).


https://groups.google.com/g/bionet.molbio.genome-program/c/dLgdQ83qTWY/m/9eqUC4Ic3DMJ
https://groups.google.com/g/bionet.molbio.genome-program/c/dLgdQ83qTWY/m/9eqUC4Ic3DMJ
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On top of housing and managing these shared tools, the Resource
Centre started an in-house sequencing programme using complementary
DNA (cDNA) methods. These methods allowed researchers to sequence
only the DNA that is transcribed to produce messenger RNA, a vital step
in protein synthesis. They therefore enabled the capturing of protein-
coding genes in the DNA. The HGMP Directed Programme Committee
decided, in 1990, that Sibson’s division would apply this technique to
“tissue”-specific and “developmental stage”-specific DNA, as well as the
mapped fragments that the Resource Centre compiled from grant-awarded
laboratories. This approach would produce “cDNA markers” that, com-
bined with the ongoing physical map, would become “a valuable tool for
researchers in human genetic disease”. The cDNA component was adopted
as a “strategy” aimed at yielding sequence information “in a relatively
short time span”, thus being “more practicable than mega sequencing of
the human genome”. It was regarded as a “flagship for the UK” and
“essential” for achieving “international credibility” and taking “the lead”
among the competing genome efforts.?

This mode of operation meant that the HGMP pursued a similar stra-
tegic approach to the EC’s genome programmes. As the EC was doing for
yeast and H. sapiens (Chap. 2), the MRC sought to involve existing genet-
ics research laboratories in its genome project and distribute the HGMP
grants among them as inclusively as possible.®* This differed from the
more selective funding regime of the US-HGP and the wider distance
between the large-scale genome centres and genetics research institutions.
More fundamentally, the two genome projects differed in their overall

3 Anonymous: “Directed Programme Strategy Meeting held on 7th March 1990: discus-
sion and development of a strategy by the Directed Programme Committee”, National
Archives of the UK at Kew (London), Medical Research Council Series, file number FD
7/2749, quotes from pp. 3 and 4. The main advocate for the cDNA strategy was Edwin
Southern, a prominent HGMP grant awardee at the Oxford University Department of
Biochemistry and inventor of the Southern Blot, a technique that allowed the probing of
DNA fragments and the detection of certain variants among them, including mutations con-
nected to diseases. He was supported by Duncan McGeoch, a genetic virologist based in the
University of Glasgow and member of the HGMP Directed Programme Committee.

3 The networks resulting from this distributed funding often overlapped, as in the HGMP
Resource Centre participation in an international cDNA consortium sponsored by the EC’s
Human Genome Analysis Programme: T. Vickers (1991) “The UK Human Genome
Mapping Project: project manager’s report”, p. 24 (courtesy of Tony Vickers). See also
Chap. 2 on Horst Domdey and Brigitte Obermaier’s Munich-based contribution to both
international cDNA consortia and the EC’s Yeast Genome Sequencing Project.
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goals: whereas the US-HGP aimed for a reference sequence of the whole
human genome—something that its much larger budget and timespan
allowed—the HGMP restricted its remit to the genome regions on which
its user communities were working. These human and medical geneticist
users would develop catalogues of variation from the resulting mapped
and sequenced regions.

3.3  REFERENCE SEQUENCE vs CATALOGUES
OF VARIATION

Historically, the production of a reference sequence of the whole human
genome was not an objective of the human and medical genetics commu-
nities. These communities had indeed engaged in the mapping of the
human genome and had done so at an increasing scale since the start of
the chromosome workshops, in 1973. However, they had always limited
the scope of their efforts to the regions of interest to the genome mappers:
geneticists studying specific diseases or biological traits who pooled their
results on the chromosomal locations of genes or genetic markers with
other community members. The HGMP and the EC’s Human Genome
Analysis Programme (HGAP) had built on this collective endeavour and
sought to foster it with ring-fenced funding, international networking and
resource centres that provided technical assistance and shared mapping
technologies, as well as cDNA sequence data. Yet, as the support of these
programmes was tailored to human and medical geneticists, the mapping
and sequencing results were constrained to the genes and markers they
were pursuing, rather than covering the entire human genome.

Human and medical geneticists would deem these genes and markers
to be mapped at sufficient resolution when they could be assigned to a
precise DNA fragment. Once this happened, the fragment would often be
sequenced and compared with equivalent genome regions. These com-
parisons were made between humans and closely-related non-human spe-
cies, or between healthy individuals and patients suffering the condition
with which the gene or marker was associated. The mapping and sequenc-
ing processes combined collaboration—at chromosome workshops and
more specific groupings, often deploying cDNA techniques—with com-
petition for being the first to determine the chromosome locus or sequence
of'a gene or marker. A source of inter-species comparison was the growing
number of databases with map and sequence information from simpler
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organisms, such as S. cerevisine or C. elegans, that were being compiled
through either their own specific programmes or as a result of funding
from human genome efforts. In this regard, both the HGMP and HGAP
supported the consolidation of mouse data repositories, an organism evo-
lutionarily much closer to H. sapiens than yeast or a worm, and from which
both medical and developmental inferences could be made.?® To access
data from patients, medical geneticists created consortia—some of them
also sponsored by the HGAP (Table 3.1)—that enabled them to uncover
genes involved in diseases and compile catalogues of genetic variants asso-
ciated with the conditions.3¢

These catalogues of variation were often curated at hospitals with
strong genetics departments. They formed repositories to which the rest
of the community could contribute data, and from which they
could access it. The HGMP Resource Centre and other similar central
facilities that the HGAP developed shared this philosophy through the
community-built and collectively-accessible probe banks, YAC libraries
and map and sequence databases they offered to their users.?” These shared
resources were themselves the product of collaborative projects that the
resource centres and genetics research laboratories jointly undertook with
funding from the HGMP or HGAP (Table 3.1).

In the mid-1960s, before the arrival of DNA sequencing techniques,
McKusick had pioneered these types of collections in Mendelian

3See the section “Mouse genetics”, in T. Vickers (1992) “MRC Review of the UK
Human Genome Mapping Project: Project Manager’s Report”, pp. 7-8 (courtesy of Tony
Vickers). The mouse Maus musculusis furnished with a longstanding history of use as a model
by both human and animal geneticists, due to its tractability in the laboratory and close evo-
lutionary relatedness to larger mammals such as humans (Garcfa-Sancho & Myelnikov, 2019;
Rader, 2004).

3¢While map and sequence data tended to be published, the methods to detect variants
were often patented, so pharmaceutical companies could obtain licenses and produce diag-
nostic tests. Due to this, some human and medical geneticists approached the open access
agenda for sequence data—that the US-HGP and other genome centres worldwide imple-
mented during the mid-to-late 1990s—with reservations (Chap. 4).

37 As Table 3.1 shows, the HGAP supported the establishment of three resource centres,
two of them providing different libraries of human DNA and one acting as a centralised data
platform. The European Data Resource was based in the Centre for Cancer Research at
Heidelberg and the repositories of DNA libraries were housed at ICRF and Centre for the
Study of Human Polymorphism, the institution from which Généthon emerged as a large-
scale mapping centre in France (see note 26). HGAP funding also enabled the HGMP
Resource Centre in Britain to host a database with international contributions of cDNA
sequences.
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Table 3.1

An example of a consortium of institutions pursuing medical genetics

goals: the European Gene Mapping Project (EUROGEM), supported by the
European Commission’s Human Genome Analysis Programme (HGAP). The
consortium included institutions involved in genome mapping activities and
resource centres. None of these institutions participated in the determination of
the human reference sequence nor in the whole-genome physical mapping that
aided the sequencing (compare with Chap. 4, Table 4.1). Elaborated by Miguel
Garcfa-Sancho and Jarmo de Vries, from data collected by Hallen and Klepsch

(1995, esp. p. 20)

Institution

Role in European Gene Mapping Project
(EUROGEM)

University of Marburg (Germany)
University of Kiel (Germany)

Cancer Research Centre at Heidelberg
(Germany)

University of Aarhus (Denmark)

Hospital Ramon y Cajal (Spain)

Hospital de la Santa Creu i Sant Pau (Spain)

Laboratoire de Genetique Moleculaire at Vert

le Petit (France)

Pasteur Institute (France)

Centre for the Study of Human
Polymorphism (France)

Institute of Molecular Biology and
Biotechnology at Heraklion (Greece)
University of Cagliari (Italy)

University of Rome (Italy)

University of Dublin (Ireland)
University College Cork (Ireland)
University of Leiden (Netherlands)
University of Groningen (Netherlands)
Universidade Nova de Lisboa (Portugal)
MRC Human Genetics Unit at Edinburgh
(UK)

University of Cambridge (UK)
University College London (UK)
University of Wales (UK)

St Mary’s Hospital Medical School (UK)
Imperial Cancer Research Fund (UK)
HGMP Resource Centre (UK)

Mapping institution

Mapping institution

Resource centre (centralised data facility
in Europe)

Mapping institution

Mapping institution

Mapping institution

Mapping institution

Mapping institution

Mapping institution and resource centre
(shared DNA libraries)

Mapping institution

Mapping institution
Mapping institution
Mapping institution
Mapping institution
Mapping institution
Mapping institution
Mapping institution
Mapping institution

Mapping institution

Mapping institution

Mapping institution

Mapping institution

Resource centre (shared DNA libraries)
Resource centre (cDNA sequence data
bank)
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Inheritance in Man, a catalogue of annotated chromosome maps that was
first published as a series of printed volumes and later as an electronic data-
base (Online Mendelian Inberitance in Man). Both the volume series and
database incorporated updates with new data stemming from the chromo-
some mapping workshops and other disease-specific consortia, as well as
clinical information about the underlying genetic conditions (Lindee,
2005, Ch. 3; Hogan, 2016, Ch. 3).

With the growth and development of physical mapping and sequencing
techniques across the genetics community from the late-1980s onwards,
both the workshops and variation catalogues became more specific: the
former devoted to single chromosomes and the latter to individual dis-
eases. An early example of this followed from the mapping of the cystic
fibrosis gene in 1989, the first condition to be assigned to a physical loca-
tion, in this case in human chromosome 7. One of the mapping scientists,
Lap-Chee Tsui, was subsequently appointed as co-convenor of the chro-
mosome 7 mapping workshops. Tsui also established the Cystic Fibrosis
Genetic Analysis Consortium and coordinated the compilation of sequence
variants connected to different forms of the disease that were determined
by researchers all around the world. The results were gathered in a data-
base that is still active at the University of Toronto Hospital for Sick
Children—Tsui’s home institution until 2004—and used to diagnose the
condition.®®

During the mid-to-late 1990s, Tsui’s endeavour developed into a map
encompassing the whole of chromosome 7. A younger member of the
Toronto team, Stephen Scherer, built on the networks around the cystic
fibrosis consortium and chromosome workshops to create a growing map
with assignments associated with other conditions and Joci. Scherer’s col-
laborators included both medical geneticists and institutions working on
the comprehensive mapping and sequencing of chromosome 7, among
them the genome centre at Washington University. Yet the objective of
Scherer’s map was not to serve as a platform for the sequencing of the
entire chromosome. Rather than pursuing a single reference sequence—as
Washington University and the other genome centres did—Scherer and
his fellow medical geneticists sought a way of detecting, mapping and
cataloguing variation. Their map was a means of obtaining a set of ordered
DNA fragments, some of which could be compared to data derived from
patients. That way, differences in both fragment size and pattern, or

3 8See http: //www.genet.sickkids.on.ca/ (last accessed 14th December 2022).


http://www.genet.sickkids.on.ca/

3 THE HUMAN GENOME PROJECT(S) 109

underlying DNA sequence, could be connected to particular conditions
and assigned to specific chromosomal locations.®

The pursuit of variation by medical geneticists contrasted with other
communities working on non-human organisms. Compared to the HGAP,
the EC used a different strategy for yeast and sought a full reference
sequence of its genome (Chap. 2). Apart from the extreme discrepancies in
genome size, this divergent strategy was due to the aims and necessities of
yeast geneticists, biochemists and cell biologists being distinct from those
of the communities working on human DNA. While human and medical
geneticists were interested in sequence differences underlying disease or
other traits, the consortium of laboratories that undertook the EC’s Yeast
Genome Sequencing Project aimed to use this organism to model the
functioning of the eukaryotic cell. Each community, therefore, approached
its target genome in a different fashion. In the case of the human genome,
the focus was on comparing specific regions—those where genes were
located—across either different species or hospital patients versus controls.
In the case of yeast, the laboratories in charge of the sequencing project
used this organism as a “wild type” (Holmes, 2017) and pursued a stan-
dardised description of its genome, in order to relate the sequence data to
functional aspects of cell genetics and metabolism. For this reason, they
targeted a specific strain—S288C of S. cerevisine—as representative of the
yeast species as a whole and did not address variants until the full reference
sequence was completed (Szymanski et al., 2019).

Similarly, within the history of molecular biology, substantial efforts
had been devoted to achieve comprehensive descriptions of “exemplary”
model organisms: viruses and bacteria first and further unicellular and
multicellular organisms from the 1970s onwards (quote from Strasser &
de Chadarevian, 2011; see also: Creager, 2002; Kay, 1993; Ankeny &
Leonelli, 2020). The hope was that, as with the S288C strain of S. cerevi-
sine, those organisms would enable researchers to connect genes to differ-
ent biological mechanisms and processes, and their eftects. This, therefore,
paralleled the goal of Brenner’s C. elegans project, and Sulston’s mapping
and sequencing of the full genome of the worm. Like the yeast communi-
ties, molecular biologists would use the exemplary descriptions and
descriptive models (Ankeny, 2000) as the basis of comparative practices.

¥ Elsewhere, we have referred to these two different approaches as horizontal
sequencing—determining a single sequence representative of the entire human genome—
and vertical sequencing: finding multiple variants in a specific genome region (Garcia-
Sancho, Leng et al., 2022).
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Unlike S. cerevisine, however, the reference sequence of C. elegans could
not be traced to a specific population.*®

Brenner considered the human genome to be too large and complex
for an equivalent description to that being pursued for C. elegans, and so
aligned with the human and medical genetics communities through the
proposal of the HGMP. Yet, on the other side of the Atlantic, Watson
found in the US-HGP the timeframe and resources needed to export the
exemplary descriptive approach to the human genome. His genome cen-
tre model sought to fully describe the human genome as a standard or
wild type, by producing a reference sequence rather than selectively tack-
ling and comparing regions, as human and medical geneticists had tradi-
tionally done. This is what has led Hilgartner to identify Watson with a
“vanguard” that consolidated genomics as an independent field, one that
could be distinguished from other life sciences disciplines (Hilgartner,
2017).* In this differentiation, however, the large-scale centres that pro-
duced the reference sequence became both separated and distant from the
genetics laboratories that would use the data and that were often involved
in other forms of conducting genomics, more aligned with the approaches
of the HGMP and the EC’s programmes.*?

The US-HGP dominates the historiography of genomics. As we have
argued, however, its model of organisation was the exception rather than
the rule during the formative years of genomics research. In the previous
chapter, we conveyed the heterogeneous array of institutions, genomicists
and organisational models involved in yeast genome sequencing. In this
chapter, we have documented the diversity that also characterised human
genomics. Taken together, both chapters show that the model of the
US-HGP—with its large-scale centres and comprehensive sequencing
regime—falls short in representing not only the history of genomics but
also of the more specific subfield of human genomics (Fig. 3.5).

#Brenner specifically bred the C. elegans variant that was used in the descriptions of the
cell lineages and neuron connectivity through complex genetic crossing experiments
(Brenner, 1974). Yet this variant was never labelled or attributed to a specific strain, as in the
case of yeast. In H. sapiens, the next chapter details the protocol by which the DNA to be
included in the reference sequence was chosen, and later in the book we compare this process
with the production of the yeast and pig reference genomes (Chaps. 4 and 5).

#'Tn a similar vein, Michael Fortun has argued that genomics is nothing else than genetics
research imbued with high-throughput technologies at accelerated speed (Fortun, 1999,
esp. pp. 26-27).

2 Elsewhere, we have identified different degrees of sequence production—from more
proximate to more distal—and argued that there is considerable diversity and gradation
across institutions that are outside the confines of the large-scale centre model (Garcia-
Sancho, Lowe et al., 2022).



111

3 THE HUMAN GENOME PROJECT(S)

Jpdeuypaseanur 6T¢ 81 /87686LF 1€/ Te310d /sayertod /sm /yn-oeparamndmma / /:sdiay 99s ano pue ur pawooz
2q ued Jer 21Ny SIYI JO UOISIdA JOSIe[ v Jo "sioyine yloq Aq pajeroqe[q "pairoddns soAneniur 29Iyl 9y3 Jeyl [dIedsdl
sorouad Jo s30adse [eros pue [e39] ‘Tedryio uo sowwer3ord oyl Se yons ‘S0UISqe [qPIOU JWOS TB IIIYI puT papndUl
oxe 191deyd 9U3 Ul passnISIP Udq daey Iyl s10adse A[uQ dwwesSo1 sIsA[euy dJWOoudn) UeWng s uoisstuwo)) ueddoinygy
pue 103017 Surddepy swouan uewngy M 399(01] dwWousn) urwWN( SN AP Jo uoneiuasaidar sumpno uy  g'¢ Sy

sdoysyiom r'e 1abpnqg uoijjiw TTF
BWOSOWIYD 3|qoj Ul SUCHINYISUI 335 '€ 2/q0y omgaioN fo auiue Eummma :Nﬂﬁd _wah.__amox .an. -
a|duis puane o) se ul diysiaquiaw 3ag FAMHION 24 Y (01011 30 FEST 11241 (undsawy soad
||2m se Juawdojasap saouanbas yNQg2 jo

(paguasuel) 51384} YNQ U AJUO S35N20§ YaIym) -£) 66T (Mdy-686T |1y

ASojouyda e LoD pUe B1Ep JO
[ouLa23 pu P . P4 (103lo.d Burddery dupuanbas yyQg2 Sunonpuod se ||am se ‘sjool paleys
Bujddewu jejsiyd ua uenesijenuss salie.qy 3uag ueadoun3) pue ejep Suiddew as1|e13uad 03 a13Us9 92N0SAY (oyw) ypuno)
syzaloud |euonieusURL) WNQ o uonnguisip W3asoyn3 . _ Y24pasay (0paN
10} sjueln 104 s313uad B3IN0SAY € "Bi4 ui saapiomo Jo 151 335 2y ybnoay Juawuianog

./ ﬂ | usnug ayiAq papuny

sauad uewny jo
Z dwwpiboid yiomawpi4 wo.if 136png N73 Uoliw 9°'sT Juiddew pue sjool paleys jo uoneass ‘Juawdojasap (dWoH) 12aloig Buiddey
ASojouyoay oy sjuesd jo awwesdolg pajang AWouan BNy

(updsawy Joad-g) Z66T 12qWa230-066T Apnuop

(saLiojpiogo] [DUCIIDN SOWD)Y S07 PUD A3(aYiag 2IU3IMD] ‘2J0LLLIAAIT

(1spad sof sp) jjx |piauag ajpio3aa.iq s, uoissiwwo) upadoing Ag papuny asuaimp] 3o sdnoib bupsixa Jo uopowobpws ayl woif ‘Jog) aniNsy| awouag Jujor
(HIN) auipaw fo aBajjo) sodog 42iua) Bupuanbas 3Wouan upwny

(dwoH) awweidoud sish|euy SWouag uewny (HIN) Yyaipasay (pajpawolg Jof a1n)Isu| poayaly Y2ipasay awouas Jof 121ua)

(1spad pup sueda|a 0 wou ‘HIN) Arsianiun uoabuiysoa 931us) Buppuanbas awousn

sajua2 Bupuanbas swouab 0] pajauupbyd SPIDMUD SO66T-310] WOl 1588/ WoJJ "HIN] J81ua)) Ago|ouydal aWouas pIojuels
RECIENTT] Buisuanbas ynNQ awouab

|eaipaw jo sauad oynads uey) Jayles swouad ajoym ay) Suissalppe -3joym pue JUSLIJO[3AaP AS0[0ULIAT 0} PAIOA3P Sa1uUad ajeds-adie] jo Juawys)|qelsy

4O UORIPUOD 3Y] Ylim suonniisul saiauad |EJIpalU O] papleme H

uayo ‘syuesd Buiddew yyQg vewny pue Juawdojanap ABojouyaal /

sanisianiun (£00¢ Ut 3inpayas fo poayp papnauod ‘uodsa)y 1034-5T) S00E—066T
uojbuiysop pup piofupis 1o sdnosb Bupuanbas ajpas-abip) fo uonpary

(3soyd 3soj Bunnp paspaiauy) 336png uoljig £5

(30q) AB1au3 fo
apjsinatad '§ 1seak ayl pue suobaja ) |, wawpodag puo (HiN) yyoay fo saanpsuy jouoioy s 2yl Ag papuny
wiiom ay3 wayl Suowe ‘wousd uewny ayi Joy suiopield [eaidojouyaan

pue aynuans awodaq Aew jeyl swsiuedio Ja|dws jo Bupuanbag (d9H-sn) 1waloid awouag uewny



https://www.pure.ed.ac.uk/ws/portalfiles/portal/314798928/Fig_3_5_increased_final.pdf

112 M. GARCIA-SANCHO AND J. LOWE

In the next chapter, we identify the factors that led to a growing con-
centration of institutions and productive capacity during the determina-
tion of the human reference sequence. The transition of the C. elegans
project from mapping to sequencing—along with the rise of the Wellcome
Trust as an influential, proactive funder—spread the genome centre model
beyond the USA and made it dominant in human reference genomics
towards the mid-to-late 1990s. This process, we argue, not only affected
scientific practice and organisation: it also occluded other historical trajec-
tories in favour of the canonical winners’ story based on the US-HGP.
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PART II

Communities and Reference Genomes



Check for
updates

CHAPTER 4

The Funnelling Effect of the Sanger Institute

In 1993, the Sanger Institute—initially named the Sanger Centre—was
founded in Britain as an institution to carry out large-scale genome map-
ping and sequencing.! It represented a significant departure from the
strategy of the UK Human Genome Mapping Project (HGMP) and from
the prior contribution of British laboratories to the European Commission’s
Yeast Genome Sequencing Project. The Sanger Institute, instead, aligned
more with the objectives of the US Human Genome Project (US-HGP)
and the genome centres that both the US Department of Energy and
National Institutes of Health were establishing to fulfil them. Rather than
mapping and sequencing modest amounts of DNA—chiefly at the request
of other laboratories—the Sanger Institute undertook to sequence sub-
stantial parts of the whole genomes of yeast, Homo sapiens and the worm
Caenorbabditis elegans at its own initiative.

This chapter shows how the emergence of the Sanger Institute changed
the landscape of genomic science internationally. We start by situating its
origins in the rise of the Wellcome Trust from a modest British charity to

! Although the original proposal referred to the new institution as the Sanger Institute, this
denomination was not adopted until 2001; between 1993 and 2001, Sanger Centre was the
name that was used. For ease of reading and given that in the different chapters we narrate
events that occurred before and after the change of name, we only refer to the Sanger
Institute throughout the book.
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a major biomedical funder, one that crucially impacted on the contestation
between state-supported and commercial institutions over the ownership
of the human genome map and sequence. The Wellcome Trust allied with
the UK Medical Research Council (MRC) in supporting the establish-
ment of a large-scale centre in the UK where John Sulston could finish the
sequencing of C. elegans and contribute to the completion of the yeast and
human reference genomes.

We stress the pivotal role of Sulston, along with Wellcome Trust man-
ager Michael Morgan, in the conception and ethos of the Sanger Institute.
This institution consolidated the factory-style operation that Sulston had
envisaged for the sequencing of C. elegans, as a departure from the way he
and his collaborators had constructed the physical map of this organism
(Chap. 2). The Wellcome Trust, as the main funder of the Sanger Institute,
provided Sulston with the necessary financial and organisational flexibility
to overhaul the 4 /a carte, community service approach embodied in the
mapping of C. elegans and later in the HGMP. As a result, the Sanger
Institute avoided establishing itself as an academic institution connected
to a university or research council, and instead became a scientific centre
that was managed by a charitable company, which was called Genome
Research Limited. Due to this, an emphasis on efficiency and accountabil-
ity in map and sequence data production became central to the identity of
the Sanger Institute: these objectives were prioritised over contributing to
answering research questions.?

The chapter finishes by showing how, three years after the Sanger
Institute was launched, Sulston and the Wellcome Trust decisively pushed
for the unrestricted release of human sequence data at a conference—the
First International Strategy Meeting on Human Genome Sequencing—
held in Bermuda. The conference was attended by representatives from
established genome centres in the USA and UK, as well as other institu-
tions that were increasingly aligning with this form of conducting and
organising human genomics. It led to the formation of what became
known as the International Human Genome Sequencing Consortium
(IHGSC), the institutional alliance that between 2001 and 2004

20n the professional values and identity of the Sanger Institute, sce Andrew Bartlett’s
ethnographic work, conducted after the conclusion of the human reference sequence
(Bartlett, 2008). This chapter builds on Bartlett’s research to show the impact that the insti-
tutional configuration and work ethos of the Sanger Institute—and other genome centres—
has had on the history of genomics.
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published the reference sequence of the whole human genome in the sci-
entific literature and made it available in freely-accessible databases.?

We stress how the concentration of mapping and sequencing opera-
tions in these institutions—via the channelling of grants to the IHGSC
members—was key to how they coordinated the production of a single
reference sequence. To this end, the IHGSC led the construction of a
bespoke physical map that was designed to aid in the determination and
assembly of the sequence. As a result, both the reference sequence and the
map were shared products of consensus across the IHGSC, albeit in a way
that involved restricted participation compared to the wider institutional
involvement in the HGMP, the European Commission’s Human Genome
Analysis Programme (HGAP) and earlier stages of the US-HGP. The
THGSC reference genome was also narrower than other preceding maps
and sequences in terms of the variability across different individuals and
human populations that it captured.

The publication of the IHGSC reference sequence, which was
announced worldwide at a ceremony in the White House in 2000, led to
the widespread belief that the Human Genome Project was a single, inter-
national initiative that had always sought to make the entire human
genome sequence available in the public domain. The IHGSC members
coordinated a number of factory-style genome centres to sequence the
whole genome, and presented the reference sequence as successfully and
rapidly completed in draft form in the ensuing Nature article.* Yet as we
document in this book, the determination of the human reference
sequence was but one of a plethora of initiatives and models that co-
existed in the early-to-mid 1990s, some of them converging in the IHGSC
effort and some being sidelined. Some sidelined models and initiatives, we
argue, continued as distinct lines of genome research during and after the
THGSC endeavour. We conclude this chapter by showing how documenting

30n the Bermuda conference and formation of the IHGSC, see Maxson Jones et al.
(2018) and Hilgartner (2017, Ch. 6). This literature shows the transformative power of the
genome centre model on human genome programmes internationally.

4The first article in which the THGSC described its results, published in 2001, quoted
1990—the year in which the US-HGP was launched—as the start date of the production of
the reference sequence. This led the authors to refer to the “Human Genome Project” as
their collective and international whole-sequencing endeavour, rather than as a US-born
initiative (International Human Genome Sequencing Consortium, 2001, p. 862). Since the
timeframe of the US-HGDP was fifteen years, this and other subsequent publications were
considered to have arrived ahead of schedule.
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these sidelined lineages allows us to move beyond the canonical history of
genomics that portrays the human reference sequence as its totemic out-
come. Our history also illustrates the funnelling effect that the Sanger
Institute—and, more generally, the IHGSC—has had on the organisation
and practice of genomics.

4.1 C. ELEGANS SEQUENCING
AND THE PATENTING CONTROVERSY

Sulston’s C. elegans sequencing project continued a longstanding line of
research on this organism at the Laboratory of Molecular Biology (LMB)
in Cambridge, UK. As we showed in the previous chapter, C. elegans had
been proposed as a model for investigating the genetics of development
and behaviour by Sydney Brenner, and this became an early line of research
at the LMB, which was founded in 1962. The worm C. elegans has since
consolidated as a widely-adopted model organism. The requirements of
the growing community of researchers investigating C. elegans genetics
provided the basis for an international project to construct a physical map
of'its genome and later to determine its reference sequence, which was led
by Sulston and Robert Waterston of Washington University in St Louis
(WU). Yet the sequencing project, which started in 1989, substantially
differed from the mapping exercise that the same scientific team had initi-
ated five years earlier.

Firstly, Brenner had left the LMB in 1986 to establish a Molecular
Genetics Unit at Addenbrooke’s Hospital in Cambridge, where he first
proposed the HGMP. This had led Sulston and his LMB associate, Alan
Coulson, to gain control of the C. elegans mapping project. Under
Brenner’s leadership and before the start of the mapping, Sulston had
compiled the lineages describing every cell division during the worm’s
embryonic and post-embryonic development. Coulson had joined the
C. elegans team from another LMB division headed by the inventor of the
first DNA sequencing techniques, Frederick Sanger. Just before the start
of the mapping effort, Coulson had applied Sanger’s sequencing methods
to the determination of the full genome of various microorganisms, among
them the PhiX174 and lambda bacteriophages (Garcia-Sancho, 2010,
p. 306ft). For Sulston and Coulson, these prior experiences cultivated a
different vision of how to organise the description of the worm’s
genome. Rather than following the requests of other laboratories seeking
to locate genes—as had been the case with the C. elegans mapping project
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and would be so with the HGMP—they sought a comprehensive charac-
terisation of the worm’s genome in which sequencing would be conducted
at their own initiative.

Secondly, Sulston and Coulson’s vision aligned with the strategy that
James Watson was starting to formulate at the US National Institutes of
Health (NIH) Office for Human Genome Research. The start of the C. ele-
gans sequencing project was preceded by a meeting between these three
scientists and Waterston, who had commenced his involvement in the
worm mapping project from his position at WU. By the end of the 1980s,
Watson was starting to deploy the model of large-scale genome centres
through which the NIH would contribute to the US-HGP, alongside the
national laboratories of the US Department of Energy. One way in which
he sought to increase the scale of genomic work was by supporting groups
willing to tackle the full genomes of other organisms, in order to transfer
the know-how developed in these efforts to the sequencing of H. sapiens.
Boosting the groups at the LMB and WU was thus a priority for Watson.

Sulston, Coulson and Waterston’s presence at the 1989 biennial sym-
posium of the C. elegans community was seen as an opportunity by
Watson. The meeting was held at Cold Spring Harbor Laboratory, an
institution that Watson directed alongside his newly-acquired NIH role.
Watson approached the three worm researchers and invited them to apply
for funding through the NIH Office, which that same year became the
National Center for Human Genome Research; it was later redesignated
as the National Human Genome Research Institute (NHGRI).® The fund-
ing would jump-start a comprehensive sequencing operation of the
genomes of C. elegans and yeast: the former at WU and the LMB, and the
latter at WU and Stanford University (Chap. 2). The NIH would support
the sequencing of several yeast chromosomes and 3 million of the 100 mil-
lion nucleotides of the worm’s genome, as long as the UK Government
committed to provide two-thirds of the funding on the LMB side.

Watson’s plan was that this initial funding could subsequently be
extended to broader areas of these and other genomes. As discussed ear-
lier, Sulston describes the Cold Spring Harbor meeting in his memoirs as
a “prison door” moment that shaped his scientific life forever: from the
mapping and sequencing of the worm to the sequencing of the human
genome (Chap. 2, see also Sulston & Ferry, 2002, p. 13). In what follows,

>On the naming history of the NIH Office, the National Center for Human Genome
Research and the NHGRI, see Chap. 3, especially Sect. 3.1 and note 9.
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we argue that the alignment of Sulston and Watson’s visions enabled the
genome centre model to expand and gradually acquire international influ-
ence. More importantly, this alignment started narrowing the array of
practices and institutional configurations that were considered to be
genomic science.$

Sulston and Coulson accepted Watson’s proposal and approached the
MRC for the British tranche of funding. In their application, they pre-
sented a three-phase operation of which the MRC grant—if awarded—
would only support the first two. These first two phases comprised “testing
technical and managerial procedures” and the sequencing of about one
million nucleotides of the C. elegans genome over three years. The work
would develop at “extensions” of Sulston and Coulson’s existing labora-
tories and require the purchase of automatic instrumentation. The team
would comprise three technicians and four scientists—including Sulston
and Coulson—that would combine large-scale sequencing with the con-
tinued refinement of the physical map. The third phase would extend the
sequencing endeavour to the whole C. elegans genome and be conducted
at a “factory setting” to be established at “industrial estates” or other areas
outside of traditional academic centres. By then, the team members of
phases one and two would “move forward as team leaders” and additional
“relatively unskilled” junior statf would need to be hired.”

Sulston and Coulson explicitly stated in the application that they had
been “encouraged to expect extensive support” from the US-HGP, this

¢The consequences of this funnelling effect were not restricted to the way of conducting
and organising genomics: Watson and the worm researchers also created a powerful, winner’s
narrative that has shaped the perception of the history of this field (Chap. 1, especially
Sect. 1.2).

7J. Sulston and A. Coulson (1989) “Mapping and sequencing the genome
of Caenorhabditis elegans”, application to the UK Medical Research Council’s Human
Genome Mapping Project, quotes from Appendix 1, p. 1. Obtained through the Medical
Research Council and available at Wellcome Library, London, Papers and Correspondence
of Sir John Sulston, file number PP/SUL/A /2 /1 /3. This was at a time when ‘science parks’
were being established, instantiating a shift from Fordist factory-style production that was
declining as part of the accelerated programme of deindustrialisation promoted by the poli-
cies of the Thatcher government. The intention was to replace disappearing older heavy
industries with new industries, for example biotechnology and university spin-offs. Indeed,
as Hallam Stevens has argued, although there was interest on the part of the promoters of
genomics in establishing factory-style settings, implying a kind of Fordist production, the
actual organisational model of sequencing that resulted was anything but (Stevens, 2013,
Ch. 3; see also Bartlett, 2008; Ramillon, 2007).
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being the reason for a whole phase of their proposed operation starting
after the MRC grant had concluded. In this regard, they argued that the
infrastructure and “scale” required for the third phase could not be funded
“in its entirety through the normal granting procedures”.®

The MRC funded the proposal through the first cycle of grants awarded
by the HGMP (1989-1992). Yet Sulston and Coulson anticipated that
there would be no funding mechanisms—not from the HGMP or any
other usual biomedical grant-giving body—to further develop the
sequencing of C. elegans once phase two had finished. The worm sequenc-
ing project had already been an outlier compared to the other HGMP
grants (see examples in Chap. 3). This divergence increased in 1992, when
the already expanded facilities of Sulston and Coulson needed to be trans-
formed into an industrial sequencing facility. The duration and level of
support that Sulston and Coulson required, as well as the factory-style
institution they envisaged, was incompatible with the HGMP grants and
their remit of funding targeted mapping and sequencing work at existing
academic laboratories. Furthermore, by the early-to-mid 1990s, the
HGMP was becoming increasingly involved in controversy.

One layer of controversy was between the interests of human and medi-
cal geneticists on the one hand, and the goals of the HGMP on the other.
Following the first round of grants, the MRC and the advisory committees
of the HGMP recommended tightening the funding criteria, in order to
ensure that work supported by the Directed Programme of awards would
address areas of the human genome that had not already been targeted by
gene mapping projects. Given that the diseases and other traits on which
British laboratories worked implicated a limited number of human genes,
their research priorities started to diverge from the requirements of the
Directed Programme. As a result of this, unless the applicants artificially
expanded the areas they worked on, the HGMP Resource Centre would
either face duplicate mapping requests from the grant holders or receive
data on gene loci that did not fill the gaps in the human genome database
(Balmer, 1996).

87. Sulston and A. Coulson (1989) “Mapping and sequencing the genome
of Caenorbabditis elegans”, application to the UK Medical Research Council’s Human
Genome Mapping Project, quotes from Appendix 1, p. 2. Obtained through the Medical
Research Council and available at Wellcome Library, London, Papers and Correspondence
of Sir John Sulston, file number PP/SUL/A/2/1/3.
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The second controversial issue was less internal to the HGMP and
affected the ownership and patentability of DNA sequences. Following
the launch of the US-HGP in 1990, the NIH allowed patent applications
to be filed for DNA sequences comprising or connected to human genes.
This move aligned with the scientific policies that had led to the emer-
gence of the biotechnology industry the decade before, spurred during
Ronald Reagan’s Administration and continued in George H. W. Bush’s
(Rasmussen, 2014; Yi, 2015). The patenting of sequences triggered a
heated debate, with some scientists and administrators vehemently oppos-
ing the creation of proprietary rights on such fundamental data. Among
the fiercest critics of these practices was Watson, who in 1992 resigned
from his US-HGP leadership position in protest. Although the NIH sub-
sequently changed its policy and increasingly discouraged the patenting of
the results of sequencing that it funded, other scientists and institutions
welcomed the exercise of property rights on DNA sequences.

This was the case for Craig Venter, a biochemist initially based at the
NIH Institute of Neurological Disorders and Stroke. Like many yeast
genomicists, in the 1980s he realised that emergent DNA techniques
would enable him to turn his attention from examining functionally-
relevant proteins to identifying and analysing the genes involved in their
synthesis. In 1992, Venter left the NIH due to his growing frustration
with what he perceived as a conservative attitude: neurogeneticists and
administrators in his home institute continued to focus on a set of pre-
defined brain conditions rather than using recombinant and DNA
sequencing techniques to find genes on a larger scale (Venter, 2007). He
founded a charitable organisation called The Institute for Genomic
Research (TIGR), which would go on to generate a large number of
human DNA sequences that were potentially linked to diseases with a
genetic basis.

The sequences were patented by TIGR and licensed exclusively to its
partner biotechnology company, Human Genome Sciences (Jackson,
2015). The method that Venter used to locate and determine them
involved producing Expressed Sequence Tags (ESTs). It yielded similar
results to the complementary DNA (cDNA) sequencing approach that
Ross Sibson was pursuing at the HGMP Resource Centre (Chap. 3). This
activity led the MRC to also patent its cDNA sequences, in spite of the
growing scientific and public controversy. Both MRC officers and HGMP
staff justified the patents as a defensive move that would “protect the
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sequences” from proprietary commercial exploitation by Venter or any
other entrepreneur.’

The growing commercial interest in DNA sequences also affected the
C. elegans project. In 1992, when the first two phases of the sequencing
operation were close to completion, Sulston and Waterston were
approached by Frederic Bourke, a US entrepreneur who wanted to enter
the biotechnology market after a successful career in the retail industry.
Bourke proposed the creation of a company that would complete the
sequence of C. elegans and tackle the human genome. The firm would be
based in Seattle, where yeast genome mapper Maynard Olson was moving
after the University of Washington had established a Molecular
Biotechnology Department with funding from IT tycoon Bill Gates
(Chap. 2). Waterston and Sulston were never fully convinced of the feasi-
bility of Bourke’s proposal. They both preferred to continue to be state-
supported scientists, but the end of the MRC and NIH grants was causing
uncertainty about their next move.1?

This led Sulston to discuss his future prospects with Aaron Klug, a
structural biologist who had succeeded Brenner as director of the
LMB. They both believed that in order to undertake the third stage of the
worm project, Sulston would need a funding scheme committed to large-
scale and comprehensive genome sequencing. Given the much more spe-
cific remit of the HGMP, Klug oftfered to mediate between the MRC and
the Wellcome Trust, a charity that by the early-1990s was substantially
reconfiguring its strategy and involvement in genomic science. These con-
versations led to the realisation of Sulston’s envisaged factory-style opera-
tion, in the form of a genome centre that undertook significant chunks of
the whole-genome sequencing of C. elegans, yeast and H. sapiens. The

oT. Vickers (1992) “MRC Review of the UK Human Genome Mapping Project: Project
Manager’s Report”, p. 7 (courtesy of Tony Vickers). By that time—and following the aggres-
sive biotechnology policies in the USA and Japan—the MRC and other funding bodies were
being subjected to increasing pressure from the UK Government to commercialise their
results (de Chadarevian, 2011; Owen & Hopkins, 2016). Within the Resource Centre, some
staft' accepted the patents reluctantly, while others considered them a logical and adequate
move. Among the latter group of staft was Sibson, who had previously worked in the radio-
pharmaceutical company Amersham (interview with Miguel Garcia-Sancho, Royal Liverpool
University Hospital, March 2014).

19 Correspondence between John Sulston and Robert Waterston on Frederic Bourke’s pro-
posal. Papers and Correspondence of Sir John Sulston, Wellcome Library, London, file PP/
SUL/B/5/14.
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new British centre aligned with the large-scale genome centre model of
the US-HGP, and distanced itself from the distributed approach of the
HGMP and the European Commission.

4.2  TuaeE WELLCOME TRUST AND ITS ADVOCACY
FOR A ‘NEW GENETICS’

The Wellcome Trust’s status as a biomedical funder predates genomics
research, the establishment of the LMB and the emergence of molecular
biology. This charity was created in 1936, following the death of Henry
Wellcome, owner of the British-based pharmaceutical company Burroughs
Wellcome, which was later renamed as the Wellcome Foundation. The
Wellcome Trust took ownership of the pharmaceutical company with the
charitable mission of using its revenues to advance medicine through sup-
port for research (Hall & Bembridge, 1986). In 1986, it began a new
strategy for its charitable work that consisted of gradually selling the shares
of the pharmaceutical company and reinvesting the income. This strategy,
engineered by the Trust’s new director of finance Ian Macgregor, meant
that if the investments were successful, the revenue would generate poten-
tially endless capital. This capital could then be used by the Trust to fund
research and operate independently from the Wellcome Foundation. As
the sale of shares increased throughout the late-1980s and early-1990s, so
did the independence of the Trust, its resources to invest and, ultimately,
its ability to function as a funding body.

This period of considerable growth coincided with important develop-
ments in genetics, a substantial part of which derived from the application
of recombinant DNA techniques to medical research. In 1991, the
Wellcome Trust appointed an expert group to advise on how best to sup-
port and seed the new genetic medicine. One of'its first interventions was
funding, along with the European Commission’s HGAP, the holding of
chromosome mapping workshops in Europe. Yet as their investment rev-
enues rose, the Trust became keen to distinguish itself from other charities
focused on specific diseases and conditions such as the Imperial Cancer
Research Fund (ICRF). During the early-to-mid 1990s, at the same time
that the ICRF became a main driver and participant in the HGMP, the
Wellcome Trust developed a strategy with its advisory group to fund the
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establishment of research centres bridging genetics and medicine across
the UK.M!

This was the context in which Klug’s mediation between the Wellcome
Trust and the MRC took place. During the first half of 1992, he brokered
a series of meetings between teams headed by Dai Rees and Bridget
Ogilvie, chief executive of the MRC and director of the Wellcome Trust,
respectively. They agreed that the Trust’s strategy of supporting new insti-
tutional settings for genetic medicine squared with Sulston’s aspiration for
a factory-style genome centre. Furthermore, they concurred that in the
light of their remits and available resources, the MRC was prepared to
fund work on model organisms with smaller genomes—such as C. ele-
gans—while the Wellcome Trust would financially support the mapping
and sequencing of the human genome.

The next step was to visit Sulston’s group at the LMB and ask him for
a detailed proposal that would be presented to the Wellcome Trust’s genet-
ics advisory group, and then be externally reviewed. Michael Morgan, the
Trust’s director of research partnerships and ventures, acted as the liaison
between Sulston and the advisory group.'? In July 1992, as the proposal
was being reviewed, the financial capacities of the Wellcome Trust increased
significantly when its chairman, Roger Gibbs, sold another tranche
of Wellcome Foundation shares, leaving their holding now below 50%.

The proposal, submitted in the summer of 1992, argued for the estab-
lishment of a “new centre” that would be named after Frederick Sanger,
the inventor of the first sequencing techniques and Coulson’s first line
manager at the LMB. This new institution would grow “out of the C. ¢le-
gans sequencing project” and become “a facility” that would “sequence

' Martin Bobrow and Nick Hastie (both members of the Wellcome advisory group),
interviews with Miguel Garcfa-Sancho in Cambridge and Edinburgh, June 2015 and July
2015 respectively. In 1989, twelve British medical charities formed the Genetic Interest
Group (now called Genetic Alliance UK) to join forces in support of genetics research (Kent,
1999; Mikami, 2020, pp. 153ff). The Wellcome advisory group was an independent body;
at times, it also used the name Genetic Interest Group (see Papers and Correspondence of
Sir John Sulston, Wellcome Library, London, file number PP /SUL/B/1/1/4/1). After the
establishment of the Sanger Institute, the Wellcome group recommended the creation of a
new Centre for Human Genetics in Oxford, which was founded in 1994.

12For a general outline, see: Sulston & Ferry, 2002, pp. 108ff. A more detailed paper trail
can be found at the Wellcome Trust Corporate Archive, Wellcome Library, London, Sanger
Institute files, reference WI/C/2/3/8.
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and interpret a substantial part of the human genome”. As an “interim”
goal, the Sanger Institute would “contribute heavily to the sequencing of
the yeast genome” to help finish that project “within two to three
years”; ahead of the European consortium’s schedule. Another key differ-
ence to both the European consortium’s approach to yeast sequencing,
and the HGMP and Venter’s approach to human sequencing, was that
rather than setting an embargo period for the release of the data or patent-
ing the results, the Sanger Institute would aim for rapid dissemination of
the maps and sequences it produced “to the public domain”.1?

The structure of the institute would comprise a “technology core” con-
ducting DNA mapping and sequencing on a “large-scale” and “quasi-
industrial basis”. This would be headed by a senior scientist and run by
technical staff, many of which would be “unskilled”. The core would be at
the centre of operations, serving distinct sections devoted to C. elegans,
yeast and human genome work, as well as informatics and cDNA sequenc-
ing (Fig. 4.1). The informatics section would assemble sequences from
various DNA fragments, annotate genes within the strings of nucleotides
(Chap. 6) and organise and store the information in databases. The cDNA
section would “test” the value of the genome projects by using some of
the mapping results to generate sequence data and address “biological
research topics”, especially in the field of neuroscience. Biological research,
however, was planned to represent only a small fraction of the overall
activity of the Sanger Institute: about 10%. The remaining 90% would
focus on large-scale mapping and sequencing across the whole genome
rather than targeting smaller areas using the cDNA approach.!*

Once the Sanger Institute was established, Coulson was appointed
head of the C. elegans section, while Bart Barrell, a researcher who had
also worked with Frederick Sanger on the development of sequencing
techniques at the LMB, led the yeast genome effort. Sulston became
responsible for the technology core and, from this position, was able to
coordinate the whole institute (Fig. 4.1).1

13Sanger Institute proposal (undated and untitled), Papers and Correspondence of Sir
John Sulston, Wellcome Library, London, file number PP/SUL/B/1/1/1 /2, quotes from
pp- 1 and 2.

"“Sanger Institute proposal (undated and untitled), Papers and Correspondence of Sir
John Sulston, Wellcome Library, London, file number PP/SUL/B/1/1/1 /2, quotes from
pp- 2 and 3.

5On Sulston’s role, and Coulson and Barrell’s appointments, see: Sulston and Ferry
(2002, pp. 1171f). Barrell and Coulson had joined the LMB as technical assistants to help
Frederick Sanger with the development of sequencing methods (Garcia-Sancho, 2010,
pp. 296ft). Although both of them later pursued an academic career, Coulson did not com-
plete his PhD until 1994, well into the C. elegans sequencing effort.
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Fig. 4.1 Above, a diagram included in the 1992 application to establish the
Sanger Institute, showing how its structure and the distribution of work between
the different mapping, sequencing and bioinformatics sections was envisaged.
Below, a picture of the Board of Management of the Sanger Institute, including

(continued overleaf’)
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Another early recruit who decisively contributed to the Sanger
Institute’s human genome work was David Bentley. Bentley had also
started his career in Frederick Sanger’s LMB division, where he spent the
first year of his PhD. At the same time Bentley was conducting research
there, Coulson and other co-workers were sequencing bacteriophage
viruses using the newly-developed DNA sequencing techniques. Following
the institutional migration of his supervisor, Bentley completed his PhD at
Oxford and obtained his first academic positions in London. By the time
of the Sanger Institute proposal, he was based in the Division of Medical
and Molecular Genetics of Guy’s Hospital, London. The head of Bentley’s
department was Martin Bobrow, a reputed medical geneticist and member
of the Wellcome Trust advisory group. Bobrow’s research focused on the
mapping of genes connected to different conditions, among them haemo-
philia and muscular dystrophy.!¢

Bentley used a promising technique called positional cloning to iden-
tify new gene—disease associations, most notably for immune disorders
arising from mutations in the X chromosome (X-linked disorders). This
technique had emerged in the late-1980s and enabled researchers to find
disease-associated genes based on progressively homing in on the genetic
location of the putative gene. The identification and mapping of DNA
markers surrounding the gene on the chromosome enabled researchers
to narrow down the search to specific genomic regions. This was

<
<

Fig. 4.1 John Sulston (front row, second-from-left), Alan Coulson (back row,
second-from-right) and Bart Barrell (back row, far-left). The roles of David Bentley
(front row, second-from-right), Jane Rogers (front row, far-left), Murray Cairns
(back row, second-from-left), Mike Stratton (back row, far-right) and Richard
Durbin (front row, far-right) are discussed later in this chapter, and also in Chaps.
5 and 6. Above image: retrieved from Papers and Correspondence of Sir John
Sulston, Wellcome Library, London, file number PP/SUL/B/1/1/1/2, p. 3;
reproduced with permission from the Wellcome Library. Below image: retrieved
from Waterston and Ferry (2019, p. 437, Figure 7); reprinted with permission
from Wellcome Sanger Institute

16 Martin Bobrow and David Bentley, interviews with Miguel Garcia-Sancho, Cambridge
(UK) and Cold Spring Harbor Laboratory, June and July 2015 respectively. Bentley’s PhD
supervisor was George Brownlee, Sanger’s biographer and right-hand person at the LMB
during the development of RNA sequencing techniques (Brownlee, 2014).
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followed by sifting through the handful of genes in the region to find
mutations that presented in patients suffering the disorder. Positional
cloning avoided the need for gathering the information that geneticists
had traditionally needed—such as details about the protein involved in
a genetic condition—in order to deduce the function of a gene and then
identify it. At Guy’s Hospital, with funding from the HGMP, Bentley
also initiated studies to develop shared resources for genome mapping,
concentrating first on chromosomes 22 and X. These projects later
became central to the production of the human reference sequence at
the Sanger Institute.!”

Positional cloning, as with Venter’s EST method, enabled geneticists
to scroll human chromosomes in search of different genes. A driving
force behind this technique was Francis Collins, who started developing
it at Yale University, the home institution of Frank Ruddle, co-founder of
the journal Gemomics and promoter of the chromosome workshops
(Chap. 3). Collins later moved to the University of Michigan, where he
used positional cloning in the mapping of various disease genes, including
the one responsible for cystic fibrosis to chromosome 7 (Sferra &
Collins, 1993).

Positional cloning and the EST method thus enabled Collins, Bentley
and Venter to shift from one gene or chromosomal region to another.
Rather than being constrained by a focus on a specific disease and hav-
ing to determine the presence of particular proteins or other biomole-
cules, these three researchers could now move across conditions and
research problems more easily. Yet the traditional funding regime and
institutional organisation of medical genetics limited this multi-locus
chromosome scrolling approach. In 1993, just months after Venter left
the NIH to found TIGR, Bentley moved to the Sanger Institute with
his Guy’s Hospital colleague, Ian Dunham. That same year, the NIH
appointed Collins as director of the National Center for Human
Genome Research (later NHGRI) following Watson’s resignation. In
these three institutions, the researchers would address the whole human
genome rather than looking for specific genes or regions connected
with particular conditions.

7David Bentley, interview with Miguel Garcfa-Sancho, Cold Spring Harbor Laboratory,
July 2015. Bentley regards the reference genome produced by the Sanger Institute and the
THGSC as a resource that “led to solving of many genetic disease diagnoses and has since
underpinned progress in genomic medicine.”
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Dunham and Bentley brought some of their Guy’s Hospital collabora-
tions to the Sanger Institute, as well as their interest in chromosomes 22
and X. Yet, their remit at the Sanger Institute was to map and sequence the
whole chromosomes rather than helping to locate specific disease-
associated genes. This created tensions with some of the community of
medical geneticists, especially those working on conditions or biological
problems connected to chromosomes 22 and X (Sulston & Ferry, 2002,
p. 131). The early-to-mid 1990s had witnessed a continuation of the poli-
cies with which Reagan in the USA and Margaret Thatcher in the UK had
attempted to nurture the biotechnology industry the decade before: the
encouragement of private sector investment in developing applications of
publicly and charitably-funded biomedical research (Myelnikov, 2017).
Due to this, some geneticists regarded the comprehensive efforts at the
Sanger Institute as a threat to their means of acquiring scientific credit and
funding prospects. By releasing their results in the public domain, Bentley,
Dunham and their whole-chromosome teams could devalue the publica-
tion of sequence data in medical journals or the patenting of gene detec-
tion techniques that could be licensed to companies manufacturing
diagnostic kits.

The key difference underlying these tensions was the Sanger
Institute’s ambition of sequencing the whole genome rather than
restricting their efforts to the traditional target of medical geneticists:
protein-coding regions of the chromosomes corresponding with genes
implicated in diseases. This difference was manifested by the emphasis
that Sulston had placed on his commitment to determine the yeast,
C. elegans, and human sequences from one end to the other and restrict
the more targeted, cDNA approach to just one unit of his envisaged
new institute. Although avoiding the abundant non-coding regions may
have seemed to be an “advantage” of the cDNA approach, Sulston’s
proposal argued that sequencing the chromosomes in full was “self-
evidently the only route to a complete understanding” of the genomes.
This was, to a large extent, due to “transcription control elements”
regulating the activation of genes and the synthesis of proteins being
found “largely in non-coding regions”.!8

18 Untitled and undated application document, Papers and Correspondence of Sir John
Sulston, Wellcome Library, London, file number PP/SUL/B/1/1/1/2, quotes from p. 6.
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Sulston and Coulson had become aware of the importance of these
regulatory regions during the prior physical mapping of C. elegans. At that
early stage, during the mid-to-late 1980s, the majority of mapping requests
that they received came from laboratories working on the developmental
biology of the worm. Investigating the switching of genes on and oft dur-
ing development had been a main objective of Brenner’s initiation of
C. elegans as a model organism and Sulston’s descriptions of the worm’s
embryonic and post-embryonic cell lineages (de Chadarevian, 1998).
These mechanisms of gene regulation and their salience for worm research-
ers encouraged and justified Sulston and Coulson’s 1989 proposal to
sequence the whole C. elegans genome, a proposal that later informed
their vision for the Sanger Institute.

The Sanger Institute was thus the result of a confluence of interests and
strategic visions. In the first instance, the genome centre model that
Watson and other US-HGP champions were deploying converged with
Sulston and Coulson’s will to address the whole C. elegans sequence in the
1989 prison door meeting that led to the formulation of the factory-style
sequencing operation. Second, the commitment to tackling full genomes
made by both the US-HGP and the C. elegans sequencing project, aligned
with the imaginaries and aspirations of three different communities: an
established base of molecular biologists seeking comprehensive descrip-
tions of the processes underlying life; a fledging group of developmental
biologists interested in regulatory as well as protein-coding regions of
DNA; and a new breed of medical geneticists who, like Bentley and
Dunham, sought to move beyond the traditional focus on individual dis-
ease genes. Thirdly, this novel and comprehensive ambition, one that
promised a much broader set of beneficiaries and stakeholders, persuaded
the Wellcome Trust: an emergent funder that aimed to support distinctive
new models of genetics research. As the US-HGP did with Watson’s
genome centre model, the Wellcome funding operationalised Sulston and
Coulson’s factory-style vision. This vision would acquire a life of its own
during the mid-to-late 1990s and would reposition—and eclipse—exist-
ing genome programmes.
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4.3  MANAGERIAL OPTIMISATION
AND THE WHOLE-GENOME COALITION

Following favourable reports from its advisory group and external review-
ers, the Wellcome Trust, along with the MRC, agreed to establish the
Sanger Institute with a start-up grant of 40 to 50 million pounds.!® The
renewal of this initial funding would be subject to financial and scientific
review following the first five years of operation. The main, and almost
only, criterion for this review would be progress with the map and sequence
data: a strong indication of this was that the cDNA unit requested in the
initial proposal was not implemented.?°

While the rationale of the MRC in starting the conversations leading to
the funding of the Sanger Institute had been to avoid losing its flagship
C. elegansproject to the USA—given the impossibility of continuing Sulston’s
sequencing initiative at the LMB—the top priority of the Wellcome Trust
was making a substantial contribution to the elucidation of the human
genome. This difference largely stemmed from the disparate positions of
each agency in terms of funding policy. The MRC needed to support a vari-
ety of biomedical disciplines using more rigid grant schemes, while the
absence of other funding commitments placed the Trust in the enviable posi-
tion of being able to make a larger award that would support the mapping
and sequencing of human chromosomes. This was by far the most onerous
expenditure item of the Sanger Institute and led the worm and yeast work to
be subordinated to the human genome, as was the case in the US-HGD.

Morgan would help Sulston with the logistic and administrative details
of setting up the new institute. During the second half of 1992, they
toured a number of potential locations with the clear aim of avoiding tra-
ditional academic settings. After visiting various industrial parks on the
outskirts of Cambridge, London and Edinburgh, they chose the country

19 According to the UK Retail Price Index measure of inflation, the equivalent sum as of
November 2022 would be just over double this amount, about 101 million pounds for the
top-line figure of 50 million pounds in 1992: https: / /www.bankofengland.co.uk/monetary-
policy/inflation /inflation-calculator (last accessed 16th December 2022).

2Tane Rogers, interview with Miguel Garcia-Sancho, Cold Spring Harbor Laboratory,
July 2015. Martin Bobrow, one of the members of the Wellcome Trust advisory group,
highly approved of the Sanger Institute building on the previous C. elggans work at the LMB
(Martin Bobrow, interview with Miguel Garcia-Sancho, Cambridge, June 2015). Both the
structure and the organisation of work at the intended new institute developed the factory
setting that Sulston and Coulson had envisaged for the last phase of the worm sequencing
project, which would focus on the rapid and large-scale production of data.
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estate of Hinxton Hall, which included several large buildings and sur-
rounding lands. The site, ten miles south of Cambridge, had served mul-
tiple purposes since the eighteenth century, the last of them being the
hosting of a suite of laboratories for a metallurgical company (Fletcher &
Porter, 1997, Ch. 3). Once the Wellcome Trust purchased the site, refur-
bishment works ensued to develop provisional facilities where operations
could be quickly started and then expanded in the longer term (Fig. 4.2).
Sulston and Morgan considered that the Hinxton location would benefit
from its proximity to Cambridge, London and Oxford, while keeping
it independent from academic environments.*!

This institutional independence was perceived as crucial for the smooth
running of the Sanger Institute. From the proposal stage, Sulston had
envisaged a radically different structure from that of any academic research
institution. When Morgan sought to implement this vision, his belief was
that merely avoiding university campuses would not suffice, and innova-
tive day-to-day forms of operation would need to be added to the equa-
tion. After considering different options with MRC officials and Wellcome
trustees, it was decided that the legal nature of the Sanger Institute would
be that of a research institution funded and managed by a non-profit com-
pany called Genome Research Limited (GRL).?? This led to a dual gover-
nance structure with a scientific manager and a separate head of corporate

2'For a general outline, see: Sulston and Ferry (2002, pp. 112ff). A more detailed paper
trail can be found at the Wellcome Trust Corporate Archive, Wellcome Library, London,
Sanger Institute files, reference WT/C/2/3. Stephen Hilgartner has argued that, while
independence and distinctiveness from other life science disciplines was crucial in shaping the
identity of genomic science, this field always positioned itself as a continuation of progress in
molecular biology: the completion of the human genome sequence in 2003 was intentionally
scheduled to coincide with the fiftieth anniversary of the elucidation of the double helix of
DNA by James Watson and Francis Crick (Hilgartner, 2017, pp. 215ff). The Sanger Institute
acknowledged its proximity—both geographical and scientific—to the double helix achieve-
ment, which had taken place at the Cavendish Laboratory of Cambridge, see: Fletcher and
Porter (1997, p. 3).

22For a general outline, see: Sulston and Ferry (2002, pp. 112ff). A more detailed paper
trail can be found at the Wellcome Trust Corporate Archive, Wellcome Library, London,
Sanger Institute files, reference WT /C/2 /3. The model of a company limited by guarantee
was one of the many options considered for transforming publicly-funded research establish-
ments in the UK in the early- and mid-1990s, encouraged by New Public Management
ideas. As there were no shareholders in this model, surpluses would have to be reinvested,
but the institution had to be governed in the manner of a private company (Boden et al.,
2003). Some existing research establishments such as the Roslin Institute adopted this model
(in 1995 in this case; see Lowe, 2021).
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Fig. 4.2 Above, the first building in which the Sanger Institute operated, located
in the grounds of Hinxton Hall, an eighteenth century estate ten miles south of
Cambridge. The building had previously housed metallurgical laboratories. Below,
the Wellcome Trust Genome Campus that has developed at the Hinxton site from
1993 onwards, with early buildings on the left-hand side of the image. Above
image: reproduced from Fletcher and Porter (1997, p. 9) with permission from
the Wellcome Library. Below image: reproduced with permission from Wellcome
Sanger Institute
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services. Jane Rogers, a senior LMB administrator, was recruited for the
scientific manager position, with the remit of coordinating the mapping
and sequencing projects. Murray Cairns, formerly a manager in the brew-
ing industry, became head of corporate services and liaison between the
Sanger Institute and GRL (Fig. 4.1). Both the MRC and the Trust were
represented on GRL’s board of governors and oversaw the progress of the
Sanger Institute (Sulston & Ferry, 2002, Ch. 3).

Sulston’s view was that the sequencing of the human genome could at
least be started without the need for further technological developments.
This was at odds with the initial goals of the US-HGP, which advocated a
focus on mapping until the performance of automatic sequencing instru-
ments had improved.?® By the time the Sanger Institute opened, in 1993,
its collaboration with Waterston’s WU group around the sequencing of
C. elegans had entered a new phase, working towards characterising the
whole genome of that worm. Yet the only comprehensive sequencing
work that WU and other US genome centres were conducting, was on
organisms with substantially smaller genomes than that of H. sapiens.

At the same time, Venter’s patents on human sequences were growing
in number. Several institutions—among them competing pharmaceutical
companies—joined forces with US genome centres to determine cDNA
sequences that were then released into the public domain (Hilgartner,
2017, pp. 149ft). For Sulston and Waterston, however, the best way of
countering proprietary ambitions was launching a concerted effort that
would sequence and make the entire genome freely-available, rather than
targeting specific fragments or waiting for “some magic new” sequencing
technology (Sulston & Ferry, 2002, p. 140).

Waterston was the first to articulate this urgency in a 1994 email to
Sulston entitled “an indecent proposal”. Written shortly after he visited
Britain, it outlined a strategy by which the genome centre at WU and the
Sanger Institute could both tackle and complete the human sequence with
a small number of collaborators. The plan required a commitment by
funding agencies to concentrate support in a handful of carefully-chosen
institutions with large-scale sequencing capacities. This implicitly chal-
lenged the more inclusive, distributed approach of the European
Commission and UK HGMP, which allotted a greater degree of indepen-
dence in conducting sequencing to the institutions that they funded. As

2Jane Peterson, interview with Miguel Garcfa-Sancho, National Human Genome
Research Institute (NHGRI), November 2018.
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Sulston put it in a meeting with Wellcome trustees in which he strongly
defended Waterston’s approach, the underlying message was to “stop fid-
dling around” and realise that a concerted whole-genome project would
be “cheaper” than “pour|ing] the budget into half efforts”.>*

Waterston’s proposal led to what began to be called the “megaloma-
niac” genome project (Sulston & Ferry, 2002, Ch. 4). In the months fol-
lowing the email, he and Sulston started pressing their funders to increase
their grants either immediately, or during the next cycle of support of their
centres, so they could meet their unprecedentedly ambitious sequencing
targets. They also entered into correspondence with potential partners
that could join them in the sequencing enterprise. These included another
fledgling genome centre, the NIH-funded Whitehead Institute in Boston,
as well as Généthon, based on the outskirts of Paris. Généthon was devoted
to large-scale human genome mapping, and was the only European insti-
tution on a par with the Sanger Institute (Chaps. 2 and 3).2* In Britain,
the Hinxton site where the Sanger Institute was based attracted two other
institutions in 1994, with the transfer of the HGMP Resource Centre
from Northwick Park Hospital, and a successful bid to house the European
Bioinformatics Institute (EBI).

The EBI was the result of the expansion of the first centralised database
to store DNA sequences, which had been based for 14 years in the
European Molecular Biology Laboratory (EMBL) at Heidelberg and was
due to move to a building of its own (Garcia-Sancho, 2011). Sulston and
Michael Ashburner, a Cambridge-based computational biologist, submit-
ted a proposal to incorporate it at the Hinxton site with support from the
Wellcome Trust. The growing importance of the Sanger Institute in DNA
sequencing and the advantages of having the EBI next door to this major
sequence producer led the proposal to unexpectedly beat rival and less

24 Papers and Correspondence of Sir John Sulston, Wellcome Library, London, file number
PP/SUL/B/2/1/1, quotes from email from Robert Waterston to John Sulston, 10th
September 1994 and Sulston’s manuscript notes ahead of a meeting with Wellcome trustees
in late 1994.

25 Papers and Correspondence of Sir John Sulston, file numbers PP/SUL/B/2/1/3 and
PP/SUL/B/2/1/4. The 1992 Sanger Institute proposal already mentioned Généthon, and
argued that existing genome centres, as well as those in the planning stage, “shall not com-
pete”, in the sense of avoiding the “duplication” of efforts. See: Papers and Correspondence
of Sir John Sulston, Wellcome Library, London, file PP/SUL/B/1/1/1/2.
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logistically-demanding bids from, among others, Heidelberg University.?¢
As we show later in the book, input from the EBI was crucial in the assem-
bly, annotation and curation of the reference sequences that the Sanger
Institute and other genome centres produced (Chap. 6).

The other institution moving to Hinxton—the HGMP Resource
Centre—was transformed into an interface providing training, computer
access and other support for users of genomic data. This was the vision of
the MRC, which developed the databases that the Resource Centre
housed, and appointed new personnel to take on the fresh mission.?” The
coordination between the Resource Centre, the EBI and the Sanger
Institute was, however, challenging at times, due to the differences in
approach and scale between the three institutions.?®

In 1996, the Wellcome Trust convened an international meeting in
Bermuda where it invited scientists and administrators from institutions
active in DNA mapping and sequencing, including many of Waterston and

26

For a general outline, see: Sulston and Ferry (2002, pp. 112ff). A more detailed paper
trail can be found in: Papers and Correspondence of Sir John Sulston and Michael Ashburner,
and Wellcome Trust Corporate Archive, Wellcome Library, London, references PP/
SUL/B/4/2,PP/MIA/C and WT, accession 2320, box A2159, file 005307 /A. Ashburner
became joint-director of the EBI and a main figure in the sequencing of the genome of the
fruit fly Drosophila melanogaster, an effort that was partially funded by the European
Commission. His cooperation with Sulston and preparation of the EBI bid started in
December 1992, when the Sanger Institute had been funded but not yet physically estab-
lished in Hinxton.

2?When the Resource Centre moved, Ross Sibson left the HGMP and became director of
molecular genetics at the Clatterbridge Cancer Research Trust, an offshoot of the Merseyside
Oncology Treatment Centre. He used his prior experience in cDNA sequencing—and the
data available at the British and European resource centres—to set up a new initiative, detect-
ing and gathering sequence variants implicated in cancers of the treatment centre patients.
Tony Vickers, the first HGMP manager, had left the project in 1992: Ross Sibson, interview
with Miguel Garcfa-Sancho, Royal Liverpool University Hospital, March 2014; Tony
Vickers, two-part email interview with Miguel Garcia-Sancho, September and December
2013. Sibson’s post-HGMP career reflects the considerable overlaps between the interests of
personnel at genome project resource centres and those of medical geneticists (Chap. 3).

28Ross Sibson, interview with first author, Royal Liverpool University Hospital, March
2014. Tony Vickers, two-part email interview with Miguel Garcia-Sancho, September and
December 2013. Apart from these user support activities, the Resource Centre became
involved in the sequencing of pufferfish Fugu, a whole-genome project that was started by
Brenner after he left the LMB and established a Molecular Genetics Unit at Addenbrooke’s
Hospital in Cambridge (Chap. 3). This project, however, was not incorporated into the
operations of the Sanger Institute.
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Sulston’s correspondents, as well as their funders.?? One year before, and
again at chairman Roger Gibbs’ initiative, the Wellcome Trust had consid-
erably increased its financial capacity by selling its remaining Wellcome
Foundation shares to Glaxo Laboratories, which had been a rival pharma-
ceutical company. The Bermuda meeting, as well as a number of prepara-
tory and follow-up gatherings, have been carefully reconstructed by
Kathryn Maxson Jones, Rachel Ankeny and Robert Cook-Deegan, who
have documented the complex negotiations leading to the establishment
of a set of principles for the free release of sequence data. These principles
and further refinements have since shaped the practice of genomic science
(Maxson Jones et al., 2018). Here, what we emphasise is how the meeting
and its concluding principles enabled the Wellcome Trust and the NIH to
operationalise Waterston and Sulston’s ambitions.

A critical mass of the Bermuda attendees agreed with the principles of
making the sequence data that they determined rapidly available in open-
access databases (Guyer, 1998). These databases were housed in three
international repositories, located at the EBI, NIH National Center for
Biotechnology Information and the National Institute of Genetics of
Japan.?® The Bermuda agreement cemented a longer-term commitment
by its signatories to start a comprehensive and coordinated attack on the
whole human genome sequence. The geography of data repositories,
along with Sulston and Waterston’s pivotal role in promoting the rapid
and unrestricted release of sequence data, placed the Wellcome Trust and
the NIH in a strong position to lead this concerted effort. Venter, who
attended the Bermuda meeting with TIGR colleagues, became increas-
ingly isolated as he was one of the few participants defending proprietary
rights on DNA sequence data.

Some Bermuda attendees suggested the Human Genome Organisation
(HUGO) as a potential coordinator of an international whole-
genome sequencing initiative. This organisation had been launched in

2 A full list of participants can be retrieved from pp. 9-15 of the record “1996 Bermuda
Roster & Agenda”, available at DukeSpace, research data from the project led by Kathryn
Maxson Jones, Rachel Ankeny and Robert Cook-Deegan. Permanent link of the record:
https: //dukespace.lib.duke.edu/dspace /handle /10161 /7716 (last  accessed ~ 16th
December 2022). Information on the project researching the Bermuda meetings: https://
dukespace.lib.duke.edu/dspace/handle /10161 /7407 (last accessed 16th December 2022).

3From the late-1980s onwards, the entries of these three repositories were synchronised,
so users could access the same sequence results regardless of which database they queried
(Stevens, 2018).
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1988, after an encounter between Brenner and medical geneticists Victor
McKusick and Walter Bodmer at Cold Spring Harbor Laboratory. Its
objective was to coordinate scientists involved in human DNA mapping
and sequencing, so they would collaborate and avoid duplicating efforts.
HUGO, however, did not itself provide funding for mapping and
sequencing enterprises. More importantly, it had been explicitly created
as independent from any government-funded or transnational human
genome programme. Its main activity throughout the 1990s had been
organising the human chromosome workshops, which most HUGO
member scientists attended with support from the Wellcome Trust and
the March of Dimes, a US charity committed to pre-natal genetic screen-
ing (Bodmer, 1991). HUGO was thus too close to the distributed
approach to mapping and sequencing that Sulston and Waterston had
sought to overcome with the concerted, whole-genome effort stemming
from the Bermuda agreement.?!

Due to this, the whole-genome coalition and their programme of work
developed “more organically”. According to Mark Guyer—who became
director of the NHGRDI’s extramural (grant-funding) programme—the
coordination was brokered by the funding agencies of the sequencing
grants rather than being left to HUGO or any other entity that lacked the
legal authority to manage grant funds. The necessary distribution of work
and quality assessment was thus achieved through frequent meetings and
even more frequent telephone calls, and involved effective collaboration
among the participating scientists and funding agency staft.3?

This form of collaboration also allowed the convergence of the differ-
ent human genome programmes, therefore encouraging the coalescing
of scientists and funders into a single sequencing effort. As a result, the
International Human Genome Sequencing Consortium (IHGSC)
emerged with an initial membership of 20 large-scale sequencing centres
from the USA, UK, France, Germany, China, and Japan, plus

STHUGO had been a target of Sulston’s criticism following Waterston’s ‘indecent pro-
posal’. In 1994, the same year of Waterston’s email, HUGO convened a meeting to discuss
how to deal with the patenting of protein-coding sequences by Venter and other researchers.
Sulston considered that he and Waterston “should hijack” the meeting by proposing their
whole-genome effort as an alternative to partial sequencing. Papers and Correspondence of
Sir John Sulston, Wellcome Library, London, file PP /SUL/B /2 /1 /1, quote from Sulston’s
manuscript notes prior to the meeting.

32 Mark Guyer, personal communication with Miguel Garcia-Sancho, National Human
Genome Research Institute (NHGRI), November 2018.
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bioinformatics institutions and administrative agencies.®® The remit of
this alliance was to produce a reference sequence encompassing the full
human genome, something that they did in draft form in 2000 and in
more final form in 2003. The results were published in the journal
Nature—the former as an initial draft in 2001 and the latter as a more
finished version in 2004—and the data were released to the three open-
access international repositories: the EMBL-EBI Nucleotide Sequence
Database, NIH GenBank and the DNA Data Bank of Japan.

The ITHGSC embodied the funnelling effect that genomics was experi-
encing by the turn of the millennium. The composition, size and remit of
this coalition was much narrower than the diversity of institutions, pro-
grammes and modes of organisation that had proliferated in both human
and non-human genomics from the late-1980s onwards. The distributed,
piecemeal and more inclusive approaches of the HGMP and European
Commission contrasted with this selective club which pursued the
sequencing of the whole human genome to prevent TIGR and Venter
patenting it. Watson, Sulston and Waterston’s visions converged and
materialised in the IHGSC, which had the Wellcome Trust and NHGRI
as its largest funders. This was reflected in the geography of the resulting
coalition: twelve of the twenty large-scale centres of the IHGSC and four
of the five top sequence contributors were based in the USA. The other
top sequence contributor—second overall—was the UK’s Sanger
Institute.?*

3This grouping did not have a fixed name until 2001, when the ITHGSC designation was
coined to sign the 2001 Nature paper announcing the draft human reference sequence. Cold
Spring Harbor Laboratory, the site of the prison door encounter between Watson, Waterston,
Sulston and Coulson, became a major location of IHGSC deliberations, along with two
follow-up meetings in Bermuda in 1997 and 1998. This laboratory, and Watson as its long-
serving leader, has played a key role in the construction of master narratives of molecular
biology, biotechnology and genomics.

3The Sanger Institute, along with the DoE Joint Genome Institute and NIH genome
centres at Washington University, Whitehead Institute, and Baylor College of Medicine,
contributed more than 80% to the draft reference sequence that the IHGSC described in
Nature in 2001, according to press releases following publication: http://www.sanger.ac.
uk,/news/view /first-draft-book-humankind-has-been-read  and  https://www.genome.
gov/10001457 /2000-release-working-draft-of-human-genome-sequence  (last accessed
16th December 2022).
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4.4  From BESPOKE MAP TO REFERENCE SEQUENCE

Venter’s response to the emergent coalition was to formulate a strategy to
determine the whole human sequence ahead of the IHGSC. In 1998, he
became CEO of Celera Genomics, a company that launched a parallel
effort to produce a whole human genome sequence. Unlike the IHGSC
endeavour, this sequence would be temporarily stored in a private data-
base, so patents could be sought. Venter used a sequencing approach that
he had devised before the Bermuda meetings and successfully applied to
the genome of the bacterium Haemophilus influenzae in 1995. This tech-
nique, called whole-genome shotgun sequencing, sought to enable the
determination and assembly of full genomes without constructing a prior
physical map, contrary to the hierarchical map-based sequencing that the
THGSC intended to execute. Along with the powerful automatic sequenc-
ing instrument that Venter had at his disposal—the ABI 3700 sequencer,
produced by a company belonging to the same corporate group as
Celera—the speed of this shotgun approach was a new threat to the open
release agenda (Hilgartner, 2017, Ch. 7).

The NHGRI and Wellcome Trust reacted by increasing their financial
support, as Waterston and Sulston had been requesting over the preceding
four years. While the Trust awarded a substantially higher grant to the
Sanger Institute for the period 1998 to 2003, the NHGRI channelled the
US-HGP funding to the Whitehead Institute, WU, and Baylor College of
Medicine, the latter hosting a new genome centre established in 1996. In
1997, the three large-scale mapping and sequencing centres that the US
Department of Energy (DoE) sponsored merged into the Joint Genome
Institute. These five institutions, which started to be called the Genomic 5
or G5, took the lead of the IHGSC operation (see note 34).

A problem presented by this funding boost and the advent of the
THGSC more generally, was how to combine this rapid, concentrated
and comprehensive sequencing endeavour with the genetic linkage and
physical mapping that the US-HGP and other funders of the coalition
had been supporting. Despite having grown in resolution throughout
the 1990s, most of the resulting genetic linkage and physical maps had
not been produced for the specific goal of aiding whole-genome sequenc-
ing. This was due to the majority of human genome programmes com-
bining the objective of improving maps with that of supporting medical
genetics communities (Chap. 3). The maps were thus focused on a lim-
ited range of chromosomal regions that contained the loci of genes con-
nected to diseases.
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Additionally, rather than creating a consensus representation that could
be used to build a reference sequence, these maps had been produced with
the goal of uncovering variation: the differences in the mapped regions
that presented across healthy and diseased individuals. This had been the
case for the maps produced by the US-HGP in its early years, as well as
those funded by the French and German national human genome pro-
grammes, which shared the community support ethos of the HGMP and
HGAP. Another difficulty was that those maps had been generated by
communities of medically and evolutionary-inclined geneticists that were
only marginally represented in the G5 institutions and in the IHGSC as
a whole.

In the face of this—and the pressing competition of Celera’s approach—
the IHGSC decided to produce their own bespoke maps for whole-
genome sequencing. This decision enabled the development of tools that
were specifically designed to support the determination of the reference
genome. The maps were intended to encompass the full set of human
chromosomes at sufficient resolution, to enable the identification of the
ordered DNA fragments that were needed to sequence all chromosomal
regions and then assemble the results into a complete reference genome.
These comprehensive bespoke maps could, however, also work as plat-
forms to which prior maps—and the information contained in them about
clinically relevant variation—could be linked. The whole-genome maps
were mainly produced by the same institutions that undertook the
sequencing. Making connections to the more detailed maps incorporating
variation, however, required collaboration with the medical and human
genetic groups that had been previously funded by the national and
European genome programmes.

A first step towards the construction of these bespoke maps was obtain-
ing a library or collection of DNA fragments encompassing the whole
human genome. These fragments needed to be cloned: multiplied after
their insertion into a reproducing organism, so they would be available in
sufficient quantity for the sequencing operation. The Yeast Artificial
Chromosomes (YACs) that had been used in the mapping of C. elegans
(Chap. 2) were discarded due to their tendency to contaminate the for-
eign DNA inserted into them. Bacterial Artificial Chromosomes (BACs)
or those derived from bacteriophage virus P1 (PACs) were preferred for
their greater stability, despite only allowing smaller inserts.
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The size of the human genome—considerably larger than any other
species sequenced thus far—made the production of the library a complex
endeavour requiring expert knowledge and technical dexterity. This led
the IHGSC to rely on an external collaborator: Pieter de Jong’s laboratory
at Roswell Park Cancer Institute (RPCI). Prior to his appointment at
RPCI, de Jong had trained as a biochemical engineer in Europe and
worked at the Lawrence Livermore National Laboratory—one of the DoE
genome centres—during the early years of the US-HGP. This had fur-
nished him with expertise in large-scale, whole-genome mapping tech-
nologies, which he applied to the detection of mutations involved in
genetic diseases (Buxton et al., 1992).

Like Venter, Collins and Bentley, de Jong belonged to a community of
younger and technologically-savvy biomedical researchers who were push-
ing the boundaries of medical genetics from specific single-locus diseases
to broader areas of the human genome. At RPCI, where he moved in
1993, de Jong and his team distributed libraries to both genetic research
institutions and large-scale genome centres.

Both the IHGSC reference sequence and its bespoke physical map were
largely based on the RPCI-11 library, produced by de Jong’s team. This
library was obtained from the blood of an anonymous male donor chosen
from a set of ten men and ten women who came forward in answer to an
advert placed in The Buffalo News on 23rd March 1997—RPCl is located
in Buffalo, a city in upstate New York, close to the border with Canada
marked by the Niagara Falls. Although the initial IHGSC policy was to use
a wider range of DNA sources,*® in the end almost three-quarters of the
total number of nucleotides comprising the draft sequence published in
2001—over 74%—came from the RPCI-11 library, with a further 17%
derived from seven other libraries, four of which were produced by de
Jong’s group. Overall, more than 90% of the human reference sequence
was therefore derived from these eight libraries, all of them produced
using DNA sourced from male donors (International Human Genome
Sequencing Consortium, 2001, p. 866).

One reason for this relatively small pool of DNA was that, as Adam
Bostanci has shown, the IHGSC relied on data that suggested that
the sequence similarity between any two humans was 99.9%, which to

¥ According to de Jong’s group, the original protocol was “to sequence the human
genome from a composite of ~10 BAC clone resources each contributing ~10% of the
donor’s DNA to the final genome sequence” (Osoegawa et al., 2001, p. 484).
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them made the choice of donor irrelevant, and the use of samples from
people of different ethnicities and sexes scientifically meaningless (Bostanci,
2006). Given this, it was believed that reducing the number of libraries and
mainly using one would substantially simplify the task of assembling the
DNA fragments, while not affecting the representativeness of the results.

The bespoke mapping effort yielded physical maps of individual chro-
mosomes and one comprising the whole human genome. It mainly used
the RCPI-11 library to ease cross-referencing between the different map-
ping operations, and also across the mapping and sequencing projects.®®
Yet clones from other libraries and data from other mapping endeavours
were also incorporated to enhance the content of the maps for particular
chromosomes. This was the case for the X-chromosome map, which used
fragments from the RPCI-13 library produced by de Jong’s team from a
female donor who answered the Buffalo News advert (Bentley et al.,
2001). The THGSC members also collaborated with other institutions
that had experience of mapping specific “known regions” of the chromo-
somes they were assigned. This provided the mappers with detailed knowl-
edge and data that complemented and, at times, corrected the results of
the maps they were devising with more generic protocols (The International
Human Genome Mapping Consortium, 2001, p. 935). The compilation
of these maps of individual chromosomes was, however, subordinated to
the task of producing an overall one, and was therefore directed towards
the drive to represent the whole genome rather than constituting tai-
lored resources for medical or human genetics.

This hierarchy was reflected in the February 2001 issue of Nature in
which the first full draft of the IHGSC reference sequence was published.
Along with the sequence, the journal issue included a physical map of the
whole human genome and ten maps of individual chromosomes. In all of
them, the authors emphasised that the purpose of the maps had been eas-
ing the IHGSC operation via the creation of a “tiling path” of ordered
DNA fragments that could then be sequenced and assembled into the
reference genome. One of the teams stressed that the “only prerequisite”
for devising those maps was having a “centralised repository” of data
about the BAC clones that were used in the sequencing. Other resources,
despite providing “useful information” for the selection of clones and

3On the iterative, back-and-forth relationship between DNA mapping and sequencing,
see Lowe (2018). In this book, we assess different ways of operationalising these mapping-
sequencing relationships and their underlying power dynamics.
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“validation” of the results, “were auxiliary” to the centralised library
(Brtils et al., 2001, p. 948; see also Tilford et al., 2001; Montgomery
etal., 2001; Bentley et al., 2001). The whole-genome map article empha-
sised that, although human genome mapping had been an ongoing exer-
cise for over a decade, its scale had “increased approximately tenfold”
since 1998 to “keep pace with the ramping up of the sequencing effort”
(The International Human Genome Mapping Consortium, 2001, p. 934).

The whole-genome map article was signed by an International Human
Genome Mapping Consortium (IHGMC) that incorporated fourteen
institutions from the IHGSC, including four of the large-scale sequencing
centres from the G5. The rest of the mapping consortium membership
comprised de Jong’s RCPI group and five consolidated teams of cancer
geneticists (Table 4.1, below). The inclusion of these geneticists was partly
driven by the Cancer Chromosome Aberration Project, an initiative funded
by the NIH National Cancer Institute that sought to integrate markers of
the disease across different human genome maps. This led to the markers
and other results of the project being nested in the IHGMC maps.?” One
of the cancer genetics teams, based in the Albert Einstein College of
Medicine, coordinated the physical mapping of chromosome 12, described
in the 2001 Nature issue. The mapping of the rest of the chromosomes
published that year was led by the Sanger Institute, the Whitehead Institute
and Genoscope, all prominent members of the IHGSC.3®

The THGMC strategy differed from previous mapping initiatives that the
human and medical genetics communities had pursued during the 1980s
and 1990s. Compared to the chromosome 7 mapping led by the University

¥ Thomas Ried, one of the promoters of the Cancer Chromosome Aberration Project, had
started his career at Yale University under the mentorship of the Genomicsjournal co-founder
Frank Ruddle. The 2001 Nature issue in which the draft reference sequence was published
included, after the bespoke physical maps, contributions relating this information to pre-
existing genetic and cytogenetic maps, as well as telomeric region at the end of the chromo-
somes (Cheung et al., 2001; Riethman et al., 2001; Yu et al., 2001).

3 The Sanger Institute was the largest individual mapper and led chromosomes 1, 6,9, 10,
13,20 and X, the latter being one of the initial targets of Bentley and Dunham’s teams. Their
other early objective, chromosome 22, had become the first one to be fully sequenced at the
Sanger Institute in 1999, following its bespoke physical mapping (Dunham et al., 1999).
The Whitehead Institute and Genoscope led chromosomes Y and 14, respectively. Généthon
provided the linkage map to aid the assignment of sequenced DNA fragments to chromo-
somes (Deloukas et al., 1998). The connection of the genetic and physical maps used another
technique—radiation hybrid mapping—that was also employed in pig genomics
(Lowe, 2022).



Table 4.1 Table reflecting the overlaps between the institutions represented in
the First International Strategy Meeting on Human Genome Sequencing
(Bermuda, 1996; left-hand column), those forming the International Human
Genome Mapping Consortium (IHGMC; middle column) at the time of the 2001
publication of the reference sequence in Nazure and those listed as genome centres
of the International Human Genome Sequencing Consortium (IHGSC; right-
hand column) in the same publication

Bermuda, 1996 IHGMC IHGSC
The Institute for Genomic ~ Washington University =~ Whitehead Institute for
Research [later gives rise to School of Medicine, Biomedical Research, Center
Celera Genomics] Genome Sequencing for Genome Research
Center

Lawrence Livermore National Wellcome Trust Genome Sanger Institute
Laboratory [later merged into Campus [including Sanger

Joint Genome Institute ] Institute |

European Molecular Biology National Center for Washington University

Laboratory Biotechnology Genome Sequencing Center
Information (*)

Wellcome Trust National Human Genome US DoE Joint Genome
Research Institute Institute

University of Cambridge Albert Einstein College of  Baylor College of Medicine
Medicine (*) Human Genome Sequencing

Center
Merck Research Laboratories Baylor College of RIKEN Genomic Sciences

Medicine, Human Genome Center
Sequencing Center

Applied Biosystems Roswell Park Cancer Genoscope and CNRS UMR-
Institute 8030
Sanger Institute Multimegabase GTC Sequencing Center

Sequencing Center

National Center for Human  Fred Hutchinson Cancer Department of Genome

Genome Research [later Research Institute Analysis, Institute of

renamed National Human Molecular Biotechnology

Genome Research Institute |

University of Texas The Children’s Hospital of  Beijing Genomics

Southwestern Medical Centre Philadelphia Institute /Human Genome
Center

National Center for Genome Genoscope Multimegabase Sequencing

Resources, Santa Fe Center, The Institute for
Systems Biology

Baylor College of Medicine, US DOE Joint Genome Stanford Genome Technology
Department of Molecular and Institute Center

Human Genetics [later gives

rise to the Human Genome

Sequencing Center]

(continued)
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Institut de Génétique et de
Biologic Moléculaire et
Cellulaire

Washington University
School of Medicine, Genome
Sequencing Center

European Commission

Department of Molecular
Biotechnology, University of
Washington (later gives rise
to Multimegabase
Sequencing Center)

Rosewell Park Cancer
Institute

Human Genome Centre,
University of Tokyo

Whitehead Institute/MIT
Centre for Genome
Research

German Federal Ministry for
Research and Technology

Max Planck Institute for
Molecular Genetics

Los Alamos National
Laboratory [later merged into
Joint Genome Institute |

National Center for
Biotechnology Information,
National Library of Medicine

Stanford University,
Department of Genetics and
Human Genome Center

Cold Spring Harbor
Laboratory

Nara Institute of Science and
Technology

Department of Genome
Analysis, Institute of
Molecular Biotechnology,
Jena

Stanford Human Genome Stanford Human Genome

Center and Department
of Genetics

University of California,
Santa Cruz (*)

British Columbia Cancer
Research Centre

Department of Genome
Analysis, Institute of

Center

University of Washington
Genome Center

Department of Molecular
Biology, Keio University School
of Medicine

University of Texas
Southwestern Medical Center

Molecular Biotechnology at Dallas

Departments of Human
Genetics and Pediatrics,
University of California

RIKEN Genomic Sciences
Center

Department of Molecular
Biology, Keio University
School of Medicine

University of Oklahoma's
Advanced Center for Genome
Technology

Max Planck Institute for
Molecular Genetics

Cold Spring Harbor
Laboratory, Lita Annenberg
Hazen Genome Center

Max-Planck-Institute for GBF, German Research Centre

Molecular Genetics

for Biotechnology

(continued)
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Table 4.1 (continued)

California Institute of
Technology

Medical Research Council
University of Oklahoma

Health Effects and Life
Sciences Research Division,
US Department of Energy
University of Oxford
HUGO Americas

Centre for Medical Genetics,
Marshfield Research
Foundation

Généthon [later gives rise to
Genoscope |

Consortia institutions represented at the Bermuda meeting are in bold in the middle and right-hand col-
umns. Overlapping consortia institutions are shaded in grey. Institutions from the IHGMC marked with
an asterisk (*) were listed as author affiliations in the 2001 reference sequence publication, but not as
genome centres (International Human Genome Sequencing Consortium, 2001; The International
Human Genome Mapping Consortium, 2001; list of Bermuda attendees from https://dukespace.lib.
duke.edu/dspace/handle, /10161 /7716, last accessed 16th December 2022). The National Human
Genome Research Institute of the NIH, the Wellcome Trust and the US Department of Energy—all
represented in Bermuda—were listed in the reference sequence publication as institutions that had a lead-
ing managerial role. Table elaborated by both authors.

of Toronto Hospital for Sick Children that we discussed earlier in the book
(Chap. 3), the maps described in the 2001 Natureissue were constructed in
a less inclusive and collective way, and they were also less attentive to varia-
tion. While the chromosome 7 effort involved the collation of contributions
made by a wide range of medical genetics laboratories, the IHGMC was a
more selective club formed of a smaller number of institutions—mainly
genome centres—that mapped larger chromosomal areas. The reasons for
undertaking the mapping were also different: positioning genes or markers
implicated in diseases in the case of the Toronto-led chromosome 7 initia-
tive, and preparing the genome for sequencing in the case of the
IHGMC. This meant that once genes or markers were positioned—and
regardless of the rest of the chromosome being mapped—the institutions
coordinated by the Toronto hospital would turn to identifying variation in
these target regions, and then investigating differences in the sequences of
the pertinent segments of DNA across healthy and diseased individuals. The
IHGMC, by contrast, prioritised the mapping of entire chromosomes and
only used variation as a second layer of information to help verify and add
detail to the whole map and, ultimately, to the reference genome sequence.

Celera’s sequencing strategy was actually more sensitive to variation in
the genome, despite their whole-genome shotgun technique not
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requiring initial physical mapping. It was based on five blood donors
selected from a pool of twenty-one, three of whom were female and two
male—one of them was Venter. The company stated its commitment to a
sequence that should be “a composite derived from multiple donors of
diverse ethnic backgrounds”—one of the five selected volunteers was
African-American, one Asian-Chinese, one Hispanic-Mexican and there
were two Caucasians (Venter et al., 2001, p. 306). Celera’s commercial
orientation and its plan of devising a restricted-access database required
that variation be easily related to the sequence. The company’s potential
customers, mainly in the biotechnology and pharmaceutical industries,
needed to find the sequence data useful for biomedical research.

This became especially vital when, in 2000 and after continued pressure
and mediation, Celera agreed to publish its draft sequence in the journal
Science and make some of the data publicly available (Hilgartner, 2017, Ch.
7). This they did against the background of the full and open release of data
from the IHGSC. Consequently, Celera decided to refocus its business
strategy, increasingly emphasising the development of diagnostic and thera-
peutic tools using the sequence data, over charging for access to its data-
bases (Rabinow & Dan-Cohen, 2005). This resulted in an alliance with the
Toronto-led chromosome 7 effort and an alignment of their collectively
produced physical map and associated medical annotations with Celera’s
sequence. In 2003, Celera, the Toronto team and more than 40 other insti-
tutional co-authors—mainly from medical schools and hospitals—described
the sequence of chromosome 7 in detail, including examinations of regions
containing clinically-relevant variation (Garcia-Sancho, Leng et al., 2022,
see also Chap. 6). At the same time as this collaboration, the IHGSC and
ITHGMC published fully mapped and polished sequences of each human
chromosome—sometimes in collaboration with other co-authors when
specific knowledge was required—ahead of the more ‘complete’ version of
their reference genome, which appeared in Nature in 2004.

All of this shows that both Celera and the consortia regarded their
sequences as platforms to which further information could be linked: about
chromosomal positions, inter-individual and inter-species variation, and
the biological implications of these. Yet their large-scale mapping and
sequencing endeavours and the publicity around them, especially after the
2001 draft publications, led to the consolidation of a success narrative that
has emphasised the production of the reference sequence, and overlooked
the ways in which this sequence was related and contextualised to other
forms of biological data. In stressing and praising the abstracted reference
sequence, this master narrative has also abstracted away the prior diversity
of genomics to a few participants, modes of organisation and forms of
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representing variation within the resulting maps and sequences. This fun-
nelling effect has narrowed the public perception of what genomics was,
and what it has produced. It has led to the marginalisation of those pro-
grammes and institutions that did not converge in the THGMC and
THGSC endeavours. The Resource Centre became the only surviving
component of the HGMP and was increasingly overshadowed by the
Sanger Institute and EBI, while the distributed model of the European
Commission dissipated around the turn of the millennium (Chap. 2).
This lost—or forgotten—diversity of genomics can be retrieved by
examining the processes by which reference sequences were produced and
what data were incorporated in—and linked to—them. Historicising the
model of genomics instantiated by the IHGMC and IHGSC endeavours
has enabled us to uncover the journeys made by different forms of genomic
data towards either their incorporation in—or linkage to—the human ref-
erence sequence. By reconstructing the historicity of these journeys—as
fellow scholars have done with other scientific fields (Leonelli & Tempini,
2020)—this chapter has resurfaced the contribution of human and medi-
cal geneticists to the human reference genome, despite these communities
being only peripherally represented in Celera, the IHGMC and the
THGSC. The next chapter examines a different historical instantiation of
large-scale, concentrated sequencing: the determination of the reference
genome of the pig, Sus scrofn, which largely took place at the Sanger
Institute. Here, the journeys of the data underlying that reference genome
present greater continuities between the production of earlier maps and
the reference sequence, than was exhibited by the IHGMC and IHGSC.
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CHAPTER 5

The Pig Community and Their Reference
Genome

In 2006, two years after the human reference genome was deemed ‘com-
pleted’, one of its key contributors, the Sanger Institute, became involved
in another initiative to produce a full reference sequence: the Swine
Genome Sequencing Project (SGSP). This project drew upon a variety of
different funders and contributing laboratories, and was led by the Swine
Genome Sequencing Consortium (SGSC), which involved many institu-
tions that had conducted pig genome mapping in the 1990s. The SGSC
designated the Sanger Institute as the large-scale centre that would con-
duct most of the sequencing effort: determining the 2.7 billion nucleo-
tides of the reference genome of the pig Sus scrofa, slightly smaller than
that of Homo sapiens. By the time of the start of the SGSP, the Sanger
Institute had moved from its original, provisional accommodation to a
purpose-built facility in what had then become the Wellcome Genome
Campus in Hinxton, Cambridgeshire. At this new location, it had dra-
matically increased its sequencing capacity and become one of the most
productive genome centres worldwide. By the mid-2000s, the continuous
decline of sequencing costs due to improved instrumentation, more expe-
rienced personnel, and ever-refined pipelines and modes of organisation,
enabled a single genome centre—in this case the Sanger Institute—to
complete a large reference sequence without needing to ally with other
genome centres.
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The SGSP evolved from prior genome mapping programmes on
S. serofn. Different institutions seeking to locate genes and markers on pig
chromosomes for a variety of purposes—f{rom agricultural breeding to
immunology and transplantation biology—converged in coordinated
swine mapping efforts between the late-1980s and early-1990s. Some of
them were conducted within a single country, including ones supported
by the US Department of Agriculture (USDA): for instance, the in-house
(intramural) mapping operation at the USDA Agricultural Research
Service Meat Animal Research Center (USDA MARC). Based in Clay
Center (Nebraska), USDA MARC operated with a factory-based model of
mapping, analogous to the large-scale genomics facilities that the National
Institutes of Health (NIH) and the US Department of Energy (DoE)
were instituting (Chap. 4).

Another major effort sponsored by the USDA was the Pig Genome
Coordination Program (PGCP), launched in 1993 under the leadership of
Towa State University animal geneticist Max Rothschild as part of the
National Animal Genome Research Program. The PGCP was—and is—an
extramural programme, and as such was conducted under the auspices of
the USDA’s Cooperative State Research, Education and Extension Service
(CSREES) from 1994 to 2009.! The PGCP has performed a coordinating
and community-building function, funding and distributing shared
resources such as mapping tools, contributing to the development of other
community resources such as mapping databases, and helping to forge
collaborations both within the USA and beyond. As in the contemporary
UK Human Genome Mapping Project (Chap. 3), the USDA also dis-
bursed grants to individual researchers and laboratories seeking to map
areas of the pig genome.

Other swine genome programmes were funded by transnational insti-
tutions, such as the European Commission (EC). This was the case for
the Pig Gene Mapping Project (PiGMaP), which by the close of its sec-
ond iteration had established a network of 29 laboratories coordinated by
the Roslin Institute in Scotland.? Between 1991 and 1996, these

! And, since 2009, the USDA’s National Institute of Food and Agriculture.

2Not all of these formal collaborators received EC funds for their participation; some were
members of a wider ‘European Laboratory Without Walls’ that facilitated the sharing of
materials and mapping data. This included institutions beyond Europe, such as Iowa State
University and the National Institute of Animal Industry in Japan. See Lowe (2021) on the
institutional participation in PiGMaP and Roslin’s role in it. There were other smaller col-
laborations, such as one involving Scandinavian countries that overlapped the outset of
PiGMaP, but many of these institutions effectively became part of the wider network of
PiGMaP itself, while retaining some efforts focused on particular breeds of local interest.
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laboratories pooled and exchanged data and materials—such as DNA
samples from carefully-bred reference families of pigs—to generate
genetic markers, assign them to specific chromosomes and map their
positions (Archibald et al., 1995; Yerle et al., 1995). The purpose of map-
ping such markers was to provide signposts to researchers so that they
could narrow down the location of genes or other functionally-relevant
regions in chromosomes.

As with the Human Genome Analysis Programme and unlike the Yeast
Genome Sequencing Project—both of them also sponsored by the EC’s
early Framework Programmes (Chap. 2)—PiGMaP was mainly focused
on mapping the chromosomes of S. scrofr and did not seek to determine
its full genome sequence. Indeed, the participants were quite adamant
that at that point this was neither a feasible nor necessary task. The com-
munity was well aware that the number of mapped markers and genes at
the outset of the 1990s was tiny, and that further populating those maps
with additional markers was the immediate priority. This would enable
more refined mapping based on the landmarks provided by these ini-
tial maps.

Throughout the 1990s, the community of pig genomicists that had
formed around the mapping efforts continued to produce ever-more
refined maps, including those using new kinds of markers and mapping
methods. Developing the means by which these maps and mapping data
could be exploited for a range of possible applications was a major focus.
Completely integrated genetic linkage or physical maps were never pro-
duced in this period, in part because the primary interest of the commu-
nity was in generating usefu/ data rather than complete maps. But some
integrated maps were developed. Significantly, one brought together the
USDA MARC efforts with the growing alliance of PiGMaP and the net-
work of institutions in its orbit, including some American institutions (e.g.
for chromosome 6, Paszck et al., 1995).

At the turn of the millennium, these communities had not pursued
significant sequencing of large stretches of the pig genome, with most
sequencing efforts instead directed towards the focused characterisation of
particular genes and their neighbourhoods. The funding that the pig map-
pers had access to was not sufficient for a whole-genome sequencing effort
like the one that was being undertaken by the International Human
Genome Sequencing Consortium (IHGSC). The immediate research
needs of the pig genomicists did not require a reference sequence. This, as
we show below, changed in the space of a few years. So did the wider
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situation in genomics, which made the prospects of sequencing the
genome of a livestock species like S. scrofin more realistic and worthwhile
for the community.

Individual researchers and laboratories, as well as the community as a
whole, pursued a variety of different avenues of potential support and
funding. This drew upon strategies of diversification and enabled different
pots of funding to be accessed for particular tasks that could contribute
towards the wider effort of sequencing the genome (Lowe, 2018). Like
the THGSC, the SGSC was supported by national public funding agen-
cies—among them the USDA, the UK’s Biotechnology and Biological
Sciences Research Council (BBSRC) and the Danish Government—but
also sub-national administrations, such as funders from specific US states,
as well as industry bodies. The Sanger Institute operated as a contractor
for the community, drawing largely on funds acquired from the USDA. The
relationship between the Sanger Institute and the community was far
more integrated than such an arrangement might suggest, though, with
both parties working together on defining the sequencing effort and shap-
ing its products. The SGSC made the . scrofir sequence data available in
the global, open-access databases in 2009 and described the sequence in
Nature in 2012 (Groenen et al.; 2012).

The prominent role of the Sanger Institute in the SGSP and the
sequencing of the human genome suggests that the production of the
swine reference sequence was configured in a similar manner to the
THGSC-led project.? At first glance, both initiatives scem to have emerged
from the formation of selective groupings and the channelling of several
lines of funding into the concentrated and comprehensive production of a
whole-genome sequence. The SGSP would appear to be even more con-
centrated and narrow than the human genome project. The development
of technologies and fall of associated costs made the funnelling effect of
the large-scale sequencing model more pronounced: one genome centre
undertook the sequencing of the whole pig genome, while for the human
one the Sanger Institute needed to pool its efforts with nineteen other
institutions. The pig genome endeavour was also deeply informed by the
experiences of the human genome sequencing that had preceded it. Yet a

3This sense of continuity is reinforced by Carol Churcher, who in 2008—two years after
the start of the SGSP—succeeded Jane Rogers as Head of Sequencing Operations at the
Sanger Institute. Churcher had been a member of staff at the institute since its foundation,
when in 1993 she joined the yeast sequencing effort led by Bart Barrell (Chaps. 2 and 4).
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more detailed examination of the historicity of both reference genomes
shows that the communities involved in the prior swine mapping pro-
grammes were much more represented in the SGSC than human and
medical geneticists were in the IHGSC, and more heavily involved in
shaping the reference genome that was produced.* In other words, when
the trajectories of the communities involved in pig mapping are taken into
account and the emphasis is not placed exclusively on large-scale sequenc-
ing, the funnelling effect caused by the advent of reference genome
sequencing is less pronounced in pig genomics than in human. Indeed,
some of the diversity of actors, practices and modes of organisation of the
mapping phase survived during the production of the reference sequence
of §. scrofa.

This chapter explores the means by which the pig mappers remained
involved in the production of the reference sequence. In line with earlier
parts of the book and prior scholarship (Szymanski et al., 2019), we show
this by portraying the genome as a rhetorical and practical space in which
pre-existing communities involved in DNA mapping and sequencing
could converge or fragment. The next section of this chapter documents
how the §. scrofa genome, as an object to be mapped, fostered an alliance
dominated by animal geneticists oriented towards the problems of the
animal breeding industry with whom they had regular contact. This com-
munity also included immunogeneticists pursuing research on the poten-
tial use of the pig as a source of organs for human transplantation. Many
of the immunogenetics researchers were themselves institutionally associ-
ated with the agriculturally oriented animal geneticists. A substantial frac-
tion of these animal geneticists were also interested in what we describe as
systematic research, meaning an appreciation of diversity and evolutionary
relationships. This line of research ran parallel to mapping and sequencing
from the mid-1990s onwards, and as we address in Chap. 7, led to new
collaborators participating in the pig genome community following the
release of the reference genome.

*It is also worth noting that the SGSC was formed prior to the sequencing project, as a
body intended to unite the community to corral the resources to conduct it, and then lead
it. By contrast, the IHGSC was largely a post-facto creation, intended to give some unity to
an effort that had coalesced internationally from the mid-1990s onwards, but had not
assumed a definite unitary organisational form.
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The alliance of animal geneticists and immunogeneticists drove the
production of successive genomic resources, methods and tools from the
1990s onwards. A key example of this was the creation of comprehensive
libraries of DNA fragments, which would be used in the concerted physi-
cal mapping of the pig genome and its subsequent sequencing. As the
THGSC had done a decade earlier, the SGSC commissioned a specialist
laboratory to construct some libraries that were used for the reference
genome effort. These were produced by the same team led by Pieter de
Jong that had assisted the human sequencers (Chap. 4). Yet in the case of
S. scrofn, other libraries created by the pig mappers acted as additional
DNA sources for the reference genome and were thus repurposed from
their original agricultural and immunogenetic goals.®

We conclude by observing that the previous trajectories of the pig gen-
omicists, and their redeployment of tools and resources, made them
acutely aware of the affordances and limitations of their reference sequence.
Similar to the case of yeast (Chap. 7), they were cognisant of what varia-
tion was included in—and excluded from—their reference sequence. This
allowed them to appropriately interpret what the reference sequence rep-
resented, and consequently to generate new genomic resources linked to
it to compensate for the variation known—or reasonably suspected—to be
absent. The pig reference sequence, however, differed from the
Saccharomyces cerevisine one, in being a conglomeration of DNA from dif-
ferent breeds and populations as opposed to being sourced from a single
yeast strain (Chap. 2). Consequently, it was conceived more as a provi-
sional resource than something definitive, reflecting satisficing disposition
of the pig community and the kinds of research purposes that they con-
ceived that their data could contribute towards (on ‘satisficing’, see
Wimsat, 2007).

5.1  MAPPING MARKERS AND THE USES
OF P16 GENOMICS

In the 1990s, mapping the pig genome and finding ways to use the data
they produced became a key task of the community of institutions and
researchers that investigated the genetics of the pig. A substantial part of
this community was oriented towards the problems of livestock breeding.

®Elsewhere, we have referred to this repurposing process as “bricolage” and stressed the
importance of such processes for historians: they allow the reconstruction of the distinct and
evolving trajectories that triggered the emergence of the genome as both a research object
and a resource for various communities (Lowe, Leng, et al., 2022).
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As this had, prior to the 1990s, been dominated by quantitative genetics,
pig genome mapping represented an intersection between the newer
molecular genetics and the long-established quantitative genetic tradition.
The latter involved formulating statistical approaches to enable breeders
to make use of the plethora of data on a multitude of traits of interest to
farmers—such as litter size or lean meat content—to inform selective
breeding decisions for populations of farm animals. These breeding pro-
grammes were and are conducted by private sector breeding companies
(such as the Pig Improvement Company, or PIC, which we encounter
many times in the rest of the book), farmers’ cooperatives or state organ-
isations. From the 1980s onwards, there has been a shift away from
publicly-funded research institutions conducting many aspects of the
breeding process, and towards these bodies concentrating on providing
the scientific basis and data to inform private sector breeders (Agar, 2019,
Ch. 3; Myelnikov, 2017).

The advent of genomics in the late-1980s provided an opportunity for
agriculturally-oriented research institutions to recalibrate their work in
this way. These institutions could now produce genomic data and statisti-
cal and computational tools for their potential application in breeding pro-
grammes, with the breeders themselves taking on the further development
and incorporation of these data and tools in their own operations.

In the case of S. scrofar, as with other farm animal species, the 1990s
represented a period in which maps became ever more populated with
increasing numbers—and new kinds—of genetic markers: Restriction
Fragment Length Polymorphisms, Amplified Fragment Length
Polymorphisms, minisatellites and microsatellites, to name a few of the
most significant (Table 5.1).

New mapping assignments were made, databases for storing mapping
and related data were developed, and statistical and computational tools
were constructed for the detection of chromosomal loci associated with
variation in traits of interest: Quantitative Trait Loci, or QTL. These loci
were normally markers laying nearby genes. They could also be genes
themselves, or parts thereof. Initial mapping relied on the extraction of
DNA from cross-bred reference families of pigs, with DNA samples dis-
tributed across many laboratories in collaborative projects. PiGMaP, and
the other national and international mapping collaborations, enabled a
coordination—and in some respects, a division—of labour that made use
of the capabilities and resources of particular laboratories to contribute to
common resources such as maps and mapping databases. This was vital in
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Table 5.1 Descriptions of four main types of genetic markers used in pig genome
mapping. Adapted by both authors from Lowe and Bruce (2019)

Genetic marker Description

Restriction Produced by selective cutting of DNA by specific restriction

Fragment Length  enzymes. Different sequences will result in differing lengths of the

Polymorphisms fragments produced by this digestion. Not as variable as
minisatellites and microsatellites.

Minisatellites ‘Motifs’ or patterns of over 10 base pairs that are repeated up to 10

times. Highly variable. Unevenly distributed across the genome and
much less prevalent than microsatellites.

Microsatellites ‘Motifs’ or patterns of under 10 base pairs that are repeated dozens
of times. Highly variable. Spaced out across the genome, but mainly
in noncoding regions.

Amplified Produced by selective cutting of DNA by specific restriction
Fragment Length  enzymes. Different sequences will result in differing lengths of the
Polymorphisms fragments produced by this digestion. The fragments are amplified

by Polymerase Chain Reaction (PCR) to make the process of
obtaining them easier—requiring only small amounts of DNA. Not
as variable as minisatellites and microsatellites.

a community where, USDA MARC apart, no one institution possessed
the capacity to take on the tasks of genome mapping alone. Alan Archibald
at the Roslin Institute was an instrumental figure in brokering these col-
laborative projects on the European side and in linking up the European
efforts with US groups.®

At this stage, there was no conception of producing a reference
sequence—or even of mapping the whole pig genome—on the part of
most pig geneticists. One reason for this was the increasingly difficult
funding environment that this community had endured since the 1980s.
The decreasing economic and social importance of agriculture had led
most Western governments to expect that industry would become the
main funder of food-related research. State support was channelled
towards projects and tools that held promise for achieving more effi-
ciency—rather than more quantity—in food production, such as genetic
engineering (Garcia-Sancho & Myelnikov, 2019). As a result, the pig
genomics community developed a suite of approaches to use and adapt
data, knowledge, methods and tools produced for the genomes of species

°Due to tensions between some leading university-based groups, Archibald also usefully
linked different elements of the US pig genome community.
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such as human and mouse, which had a longer and more-established his-
tory of mapping (Hogan, 2016; Lyon, 2002; Paigen, 2003a; Paigen,
2003Db; Rader, 2004 ) and more resources than were available to pig genet-
icists. The development of infrastructures and data for the genomes of
other species, such as the human, therefore became a key resource for pig
genomics, and a comparative inferential apparatus was articulated to make
full use of it (Lowe, 2022).

Yet achieving an equivalent level of resolution to the human or mice
maps was not an objective of pig geneticists per se nor an inevitable out-
come of their activities. This was due to their predominantly agricultural
orientation as opposed to the biomedical goals of most human and mouse
geneticists. For the majority of researchers mapping S. scrofr, as well as
their associates in the breeding industry, the identification of particular
genes with known biological mechanisms and phenotypic effects was
desirable, but not essential. In the early-to-mid 1990s, it was presumed
that knowledge of the presence or absence of particular markers known to
be linked to a locus associated with variation in traits would be sufficient
for improving the effectiveness of selective breeding. The goals of the
research did not, therefore, require that the molecular genetic basis of
observed phenotypic variation be discerned, contrary to the needs of med-
ical genetics research where this is imperative (Lowe & Bruce, 2019).
Because of this, comprehensive sequence data was not seen as a necessity
for informing breeding decisions, in the same way that it was felt to be a
key resource that would radically advance the understanding of the genetic
basis of disease—to cite the justification of the likes of James Watson for
completely sequencing the human genome—or the identification and
characterisation of genes responsible for key cellular processes: André
Gofteau’s motivation for sequencing the yeast genome (Chaps. 2 and 3).

Several developments around the turn of the millennium changed this
perspective. First of all, the maps were becoming extremely well-stocked
with markers of different kinds, and were arrayed across the chromosomes
at increasingly higher resolutions. The payoffs from incremental improve-
ments to these maps were therefore diminishing. It also became increas-
ingly apparent that using a panel of even dozens of markers linked to
variation in traits that breeders wanted to select for was not yielding results
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that matched the high expectations some had for this approach.” Soon,
statistical models were articulated by quantitative geneticists that required
the use of many magnitudes more markers across the genome, an approach
known as genomic selection (Haley & Visscher, 1998; Meuwissen et al.,
2001). A particular kind of marker, abundant and available across the
genome, the Single Nucleotide Polymorphism or SNP, was particularly
valuable for this approach. Whole-genome sequencing efforts were a good
source of the data that was needed for the identification of these.

Another significant area where it was becoming increasingly apparent
that a fully sequenced genome would be valuable was in research on the
immunogenetics of the pig. This was tied to the decades-long history of
using the pig as a model for transplantation research and surgery, and
more recently as a potential source of organs for humans—sxenotransplan-
tation. Researchers working in this field had been mapping the Major
Histocompatibility Complex (MHC), a region in chromosome 7 of pigs
(and chromosome 6 in humans) that is densely populated with genes
involved in immune response. Incompatibilities between the products of
different genes—and versions of genes—in this genome region are the
cause of adverse reactions leading to the immune rejection of a trans-
planted organ. Identifying these genes and their different variants is there-
fore a crucial task for effecting transplantations, both within species and
across them.

The mapping of the swine and human MHCs—since the 1970s and
1960s, respectively—was an extremely tricky task given how densely
packed and highly variable the genes are in this region (on the history of
human MHC research, see: Thorsby, 2009). In the 1990s, the task of
using pig organs for transplantation was complicated by the discovery of
retroviruses embedded in the pig’s DNA—Porcine Endogenous
RetroViruses, or PERVs. It was feared that viruses could become activated
if pig organs were transplanted into immuno-compromised humans who
had not co-evolved with the viruses like the pigs had. For these reasons, it
became imperative to sequence the pig genome: to further characterise the

7 An example of this were the hopes that PIC had for Marker-Assisted Selection. For more
on this and other innovations at the intersection of publicly-funded research and the breed-
ing sector, see Bruce and Lowe (2022).
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swine MHC and its differences to the human MHC and to assess the pres-
ence or absence of PERVs (Rohrer et al., 2002).®

Immunogenetics was thus one area of research that motivated the cre-
ation of a pig genomic library, a set of S. scrof sequence fragments stored
in the DNA of microorganisms such as viruses, yeast and bacteria. The
natural proliferation processes of these vectors were used to clone and
multiply the pig DNA fragments. First a Yeast, and then a Bacterial
Artificial Chromosome library (a YAC and a BAC) of §. scrofa were con-
structed by a team at Laboratoire Mixte CEA-INRA de Radiobiologie
Appliquée (hereafter, CEA-INRA).® This institution was based on the
campus of the Institut National de la Recherche Agronomique (INRA) in
Jouy-en-Josas, south-west of Paris.

CEA-INRA was originally set up in 1964 with funding from two state
agencies: INRA, the multi-branch French agricultural research body, and
the French atomic energy agency (Commissariat a 1'Energie Atomique;
CEA).!° It was led by Marcel Vaiman from its inception and pursued
research on the genetics of immune response in the pig, in order to
improve the efficacy of transplantations of organs. Another early member
was Christine Renard, who joined at the outset of the 1970s and devel-
oped serological methods for immunological analysis (see below). Patrick
Chardon joined the team in the 1970s and Claudine Geftrotin in the
1980s. They both implemented new molecular biology-based approaches
in the group. A key addition in the 1990s was Claire Rogel-Gaillard, who
was vital in developing and deploying the new genome libraries (Fig. 5.1).

The team’s early research led to the successful development of the pig
as a surgical model for transplantation procedures. Researchers at CEA-
INRA co-discovered the pig’s MHC (the Swine Leucocyte Antigen com-
plex, SLA) in 1970, and then went on to pioneer the mapping—and later
sequencing—of  this region. Initially, this was achieved by serological
methods, a core immunology technique that uses immune reactions
between antibodies in blood serum and white blood cells from a different

8 More recently, the reference sequence has been used to validate the deletion of PERVs
from the genome effected by genome editing (Niu et al., 2017; Yang et al., 2015).

It became known as INRA-CEA Laboratoire de Radiobiologie et d’Etude du Génome
from 1999.

190On the history and the transformations of INRA, see Bonneuil and Thomas (2009).
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Fig. 5.1 Picture of four key members of the CEA-INRA team over the course of
its history from 1964. From left to right: Marcel Vaiman, Claire Rogel-Gaillard,
Christine Renard and Patrick Chardon. Photograph taken by James Lowe, Paris,
November 2017

individual as a mapping indicator.!! CEA-INRA was a participant in
PiGMaPl from the start of the project in the early-1990s. In it,

'This lymphocytotoxicity test, primarily performed by Renard, consisted in creating anti-
sera, blood serum samples containing antibodies produced in pigs subject to skin grafts. They
used the ones found to be specific in identifying variants underpinning immune rejection as
test substances to see if they created an immune reaction when exposed to the molecules
(antigens) on the surface of white blood cells (lymphocytes) from the animal to be tested.
This allowed them to discern different sets of variants possessed by the test animals, to detect
and map haplotypes (sets of particular combinations of genetic variants) and identify poten-
tially compatible donors as a result. However, the range and availability of sufficiently-specific
reagents was limited, and they were better suited to defining haplotypes rather than indi-
vidual variants (Lunney et al., 2009).
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they performed flow cytometry, a technique that sorts chromosomes and
therefore aided the mapping of markers to specific pig chromosomes.
They also serologically analysed pigs from reference families across Europe
that were used in the mapping, as well as developing tools for the further
characterisation of chromosome 7.

Through this, CEA-INRA used the funding and networking opportu-
nities of PiGMaP to advance their ongoing survey of the SLA complex by
employing physical mapping techniques.! This mapping endeavour
involved the creation of DNA libraries and the use of probes to identify
coding sequences. This work was conducted in the first year of the second
round of PiGMaP, which ran from December 1994 to November 1996.
The CEA-INRA team created a library using Yeast Artificial Chromosomes
(YACs) as vectors. Here we focus on the source of DNA for this, the ways
in which the creators of the libraries evaluated them, and the uses to which
they were put. We then describe how and why they created DNA libraries
in Bacterial Artificial Chromosomes (BACs), showing how they became
community resources that aided the mapping of increasingly larger areas
of the pig genome, as well as other forms of genome analysis.

For their library construction, the CEA-INRA workers drew on tech-
niques used by a group led by Daniel Cohen in Paris, who constructed
YAC libraries to contain clones of the MHC in H. sapiens: the Human
Leucocyte Antigen complex (HLA). They had already collaborated with
Cohen, who was a former student of Jean Dausset. Dausset had discov-
ered the HLA, for which he won the Nobel Prize, and his team had been
working with the CEA-INRA group since 1968. With Dausset, Cohen
was a co-founder of the Centre for the Study of Human Polymorphism
(Centre d'Etude du Polymorphisme Humain; CEPH), the institution
from which Généthon had arisen in 1990 with funding from the French
Muscular Dystrophy Association (Association Frangaise contre les
Myopathies). Généthon was founded to systematise their attempts at map-
ping the loci of different genetic diseases. This new institutional base had
enabled Cohen to scale up from the HLA to the whole human genome: as
we discussed in previous chapters, Généthon was a leading institution dur-
ing the early stages of human genomics and produced the first compre-
hensive linkage and physical maps using high-throughput automated
approaches (Chaps. 3 and 4; Kaufmann, 2004). In assisting in the

12PiGMaP progress report March 1993, in “PiGMaPl Reports 91-92 92-93” partition,
obtained from Alan Archibald’s personal archive, 24th March 2017.
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construction of pig libraries to aid in the mapping of the SLA region,
Cohen also contributed towards the scaling up to the eventual tackling of
the whole pig genome.

To produce their pig library, the CEA-INRA group extracted DNA
from peripheral blood lymphocytes, a kind of white blood immune cell,
from two boars (males) of the Large White breed. The laboratory had
long used Large White pigs in their immunogenetic research, dating back
to the 1960s. A hardy and adaptable pink-skinned pig that is amenable to
crossbreeding in livestock breeding programmes, it was also an interna-
tionally prevalent breed for commercial food production. The very thing
that had made it useful for agriculture therefore also made it useful for
conducting and applying pig genetics research. For instance, it was used in
the crossing experiments of PiGMaP as well as in the production of the
CEA-INRA YAC library.

The boars used for this library each had a distinct homozygous SLA
haplotype, meaning that the genes making up the haplotype (see note 11)
were the same on both strands of DNA. The construction of this library
rested on decades of prior mapping of the SLA complex to determine
these haplotypes: sets of specific combinations of genetic variants. This
mapping first used serological methods combined with cytogenetic tech-
niques, and then from the 1980s involved genomic approaches. An early
example of the latter was an experiment, published in 1985, in which the
CEA-INRA team applied restriction enzymes to pig DNA samples and
hybridised the resulting fragments to human cDNA probes acquired from
CEPH. They showed that this technique had greater specificity than sero-
logical analysis, revealing different haplotypes within ones that serological
methods had identified as the same. The new SLA variants were consid-
ered to be sub-types of those detected with the preceding mapping tech-
niques. The nesting of the newly determined haplotypes in the older
serologically identified ones adduced credibility by conforming to previ-
ous classifications while partitioning them still further. As a result, they
concluded that these genomic methods offered the prospect of “increas-
ing knowledge concerning SLA genetic organization and complex-
ity” (Chardon et al., 1985, p. 170).

Once CEA-INRA had constructed the YAC library, they needed to
test—or validate—the new resource. They performed tests to discern the
average size (and range of sizes) of the clones, how many YACs were chi-
meric (pig DNA contaminated with yeast DNA) and the presence or
absence of particular sequences. For the latter, they used primers—which
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trigger the amplification of specific stretches of DNA—of particular known
genes. These primers were either produced locally or acquired from ten
other laboratories in the wider PiGMaP network. As well as inspecting the
accuracy of their library, the CEA-INRA team examined whether there
were enough overlapping sequences present in the clones to build them
into larger sets of ordered fragments or contigs, and therefore be able to
encompass broader areas of the pig genome. In these ways, they were
assessing the utility of the YACs themselves (through evaluation of size
and proportion of chimeras), whether the library provided sufficient cov-
erage (through examining the presence of known genes) and the extent to
which it could be applied to larger-scale physical mapping (Rogel-Gaillard
etal., 1997). By the time of this evaluation, in 1997, the team at Jouy-en-
Josas managed a library of some 18,000 clones that had been tested using
underlying sequence information and DNA fragments from other pig
breeds.'?

During the evaluation, they screened the library to identify clones con-
taining parts of the SLA, using primers for four genes and finding three of
these represented. They also screened the library for repeat sequences, as
a starting point for being able to characterise the organisation of centro-
meres—regions that link the two halves of chromosomes and feature
abundant repetitive sequence patterns. This task was crucial to their stud-
ies of the SLA, which spans the centromere of chromosome 7. Some of
the YAC clones flagged in this screening were then sequenced and com-
pared to previously identified centromeric repeat sequences.

While 85% of the sequences screened for were found, this percentage
was lower than expected given prior knowledge of the prevalence of these
repetitive sequences in the yeast genome (Chap. 2). These divergences,
which could point to biases in the coverage of the library, were explained
with reference to “the influence of the cloning system on the selection of
specific regions”, the screening procedures they adopted and the quality

B3 Partition—“EC PiGMaPII—Final Report”—folder 1, p. 31. From Alan Archibald’s per-
sonal archive, obtained 15th May 2017.
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and range of the primers used.!* Additionally, they swapped samples from
their own library with clones contained in two other pig genome libraries
created in Gottingen and Berlin. By using different libraries and cloning
systems in conjunction with their own, as well as refining methods and
tools, they hoped to advance the coverage and utility of their YAC library
(Rogel-Gaillard et al., 1997).

YAC libraries were favoured at this stage because of the large insert size
they allowed, of clones up to 1Mb, a million bases or nucleotides. Once
libraries were needed for fine-grained physical mapping, however, the dis-
advantages of YACs—such as the risk of chimerism due to contamination
by yeast DNA—outweighed the storage capacity advantage. As with
human genome mapping (Chap. 4), the CEA-INRA team therefore
decided to produce a library stored in BACs, as their lack of chimerism
made up for their smaller storage capacity of up to 300Kb: 300,000 bases,
or nucleotides. A BAC library of S. scrofr was created at Jouy-en-Josas in
1999 with DNA from one of the Large White boars that had been
employed before. This time, the DNA was extracted from skin fibroblasts,
connective tissue cells that synthesise collagen and other fibres.

Once again, the library was primarily constructed to address the immu-
nogenetic interests of the group, in particular assessing the presence of
PERVs in the DNA of pigs. As with the prior YAC library, it was also vali-
dated by assessment of its coverage, levels of chimerism and insert sizes. It
was screened using known markers to test the extent to which it replicated
known genomic features, and contigs were built using overlapping
sequences that were identified. So validated, the library could now be
screened using primers for known PERV sequences, and the clones thus
identified were isolated and analysed. This enabled the researchers at Jouy-
en-Josas to both satisty their more immediate goals—probing the clones
with known PERV sequences and identifying their chromosomal posi-
tion—and to build larger contigs using overlaps between the library’s

" Partition—“EC PiGMaPII—Final Report”—folder 1, p. 31. From Alan Archibald’s per-
sonal archive, obtained 15th May 2017. Coverage is a metric that is calculated by multiplying
the total number of reads (in the case of libraries, the number of fragments or clones) by the
quotient of the average read length (the size of the clones in number of nucleotides) divided
by the total genome length (expressed in nucleotides). The higher the coverage, the higher
the number of genomes that are theoretically represented either in a library or a sequencing
operation, e.g., 4X, or 10X. Greater coverage means that it is supposedly more likely that
errors or absences are ironed out, and consensus sequences based on multiple reads covering
the same nucleotide should be more reliable.
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DNA fragments. In other words, the BAC library, as its YAC predecessor,
overflowed its original SLA focus and could be used to map increasingly
larger areas of the pig genome (Rogel-Gaillard et al., 1999).

The team at CEA-INRA screened the library on request from research-
ers across the world, distributing clones for free. They saw this as a key
service to their fellow pig genomicists and other researchers. It also helped
them to forge new connections in a network of laboratories that they per-
ceived as becoming ever denser and more international.!® Screening the
library was a laborious process, involving manual rather than automated
picking and analysis of clones. In the long-term, it would have been far too
strenuous and costly for it to continue to be conducted by the same
researchers mapping the SLA complex. Consequently, the BAC-YAC
Resource Center was formed with technicians and engineers placed in
charge of managing and screening the library. The mapping team, there-
fore, transferred their libraries to the Resource Center, a technical labora-
tory also belonging to INRA that distributed clones on request to the
wider research community.!® Its rationale and operation resembled the
Resource Centre that the UK Medical Research Council had created in
the early 1990s within its Human Genome Mapping Project (HGMP,
Chap. 2).

Other DNA libraries were established for concrete research purposes: a
YAC library at USDA MARC was constructed and characterised in col-
laboration with a researcher at the University of Otagu in New Zealand
(Alexander et al., 1997); a PAC library was created by a German collabo-
ration using an artificial chromosome derived from P1 bacteriophage,!”
and a BAC library (PigEBAC) was developed at the Roslin Institute.

PigEBAC was created over 1997 and 1998 with funding from the EC
and the UK’s BBSRC. It was then further processed and housed at the
HGMP Resource Centre, which by the mid-to-late 1990s had been

" Interview conducted over Skype with Claire Rogel-Gaillard by James Lowe, May 2017.

1Interview conducted by James Lowe with Patrick Chardon, Christine Renard and
Marcel Vaiman, in the presence of Claire Rogel-Gaillard, in Paris, November 2017. This oral
history should be taken as the primary support for the foregoing historical account—if not,
necessarily, for our interpretation of it—in places where another citation has not been
indicated.

7This involved a collaboration between workers at the Institute of Veterinary Medicine
(Georg August University of Gottingen), Institute of Animal Breeding (Technical University
of Munich) and a laboratory in a medical genetics clinic in Bavaria (Al-Bayati et al., 1999).
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relocated to the same campus near Cambridge where the Sanger Institute
was based (Chap. 4). The clones were distributed to the wider community
from the Resource Centre. The DNA used in PigEBAC, as with the
French YAC library, was acquired from the peripheral blood lymphocytes
of'a boar. Yet in this case, the boar was the offspring of a cross between a
Large White female and a Meishan breed male. This hybrid origin was
considered to be appropriate to the stated motivation of producing the
library: it was explicitly intended to aid specific genetic research as well as
more general genome mapping efforts (Anderson et al., 2000).

Indeed, many of the reference populations used in PiGMaP had been
constructed by crossing Large White and Meishan pigs. These two breeds
of pig—though the Meishan is typically classified as a sub-breed of the
Taihu pig—were geographically distinct in their origins: Yorkshire in the
case of the Large White, and the Chinese province of Jiangsu for the
Meishan. The two pigs were also quite dissimilar: the Meishan is darker,
with wrinkled rather than smooth skin, and is fatter and more reproduc-
tively prolific (Fig. 5.2). The latter characteristic made it of interest to
Western breeders and allied researchers, who aimed to boost this quality in
their local pig populations by crossbreeding with Meishans. For this rea-
son, efforts were made to import these pigs, which resulted in transplanta-
tions of small populations to France in 1979, the UK in 1987 and the
USA in 1989.

The presumed genetic distance of the two breeds was deemed an addi-
tional advantage to their use in mapping. Polymorphisms or variability at
particular loci in the cross-bred offspring could be used to calculate genetic
linkage between pairs of genetic markers: the frequency at which they are
jointly inherited. A BAC library based on the same kind of genetic material
as used in the prior mapping of markers could help refine and evaluate the
existing assignments of loci still further. This diversity of uses shows that
although the Roslin library was designed in part for genome mapping, it
reflected the trajectories, networks, and evolving goals and interests of the
communities that had coalesced around the pig genome (Fig. 5.3). Apart
from its use in aiding mapping, it was also intended to be used, more
immediately, as a resource for the identification of QTL: chiefly those of
value to the pig breeding industry that much of this community was ori-
ented towards.

DNA libraries such as the ones produced at CEA-INRA and Roslin are
shared reference resources. They constitute validated and progressively
characterised collections with known and described provenance that can
be consulted by the wider community, and for which the potential uses are
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Fig. 5.2 Top: A Meishan sow at the Roslin Institute. Bottom: A Large White
pig, also at the Roslin Institute. Photographs taken by the Roslin Institute photog-
rapher Norrie Russell, and provided to us courtesy of Alan Archibald

not narrowly prescribed or channelled by the sources and means of their
construction. In this way, they are similar to cell lines (Landecker, 2010),
mouse strains (Rader, 2004) and seeds held in banks (Curry, 2017; Curry,
2019; Peres 2016). In the case of the S. scrofa libraries, their production,
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Fig. 5.3 Photograph of an early PiGMaP meeting in Toulouse, December 1991.
It features the communities of agriculturally-oriented geneticists and immunoge-
neticists that coalesced around the mapping of the pig genome. Note Alan
Archibald of the Roslin Institute (ninth from right, wearing a Scottish kilt), Max
Rothschild of Iowa State University (eleventh from left, with a beard) and
Lawrence Schook of the University of Illinois (tall and at the back in the centre of
the group). Many other key figures who continued to play a significant role in pig
genomics were also in attendance, such as Marcel Vaiman (ninth from left, with
light-grey hair and a tie on) and Patrick Chardon (brown hair, just to the left of
centre at the back, behind the woman with the brown bag) of CEA-INRA, and
Louis Ollivier (thirteenth from left, holding a coat) of the INRA station at Jouy-
en-Josas, who we meet in Chap. 7. Photograph courtesy of Lawrence Schook

circulation and validation from the late-1990s onwards helped to intensify
the connections that had begun to be forged in projects to improve maps
of the pig genome. This convergence reflected, and was further fostered
by, the ongoing mapping and by successive projects that aimed to produce
other resources and tools of use for the community and the breeding
industry.'® The community dimension of pig mapping and its concomitant

8n spite of its growing cohesiveness, this community was not homogeneous—it varied
across specific initiatives, institutions and geographical settings. USDA MARC maintained its
own significant independent activity, for example, while Japanese researchers would not be
integrated as much as the European and North American ones. There were also distinct lines
of research that involved different subsets of the community. Some concentrated more on
breeding-related research, or on genetic diversity, or immunogenetics. A core of institutions
focused heavily on producing more general-purpose genomic data and tools like genome
libraries. There was, though, considerable cross-over between these subsets, reflecting the
diversification and varied collaborations of these researchers and institutions, and the need
for collaborative efforts and international divisions of labour to produce the platforms that
would be of use for the various research aims and activities of an increasingly close—and still
small—community.
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concern with variation persisted when, at the turn of the millennium, the
opportunity arose to characterise the full S. scrofa genome.

5.2  THE GENEALOGIES OF THE MAP AND THE SEQUENCE

One of the ironies of pig genome sequencing was that, although physical
mapping preceded and informed the whole-genome sequencing operation
in a manner that faithfully replicated the original strategy of the IHGSC
(Chap. 4), the creation of this physical map was a separate project designed
to contribute to the community’s more proximate research goals. This
physical mapping constituted a continuation, albeit in a more comprehen-
sive way, of the preceding mapping activities of the pig community. As a
result, it naturally used the DNA libraries that two of the more prominent
mapping institutions—CEA-INRA and the Roslin Institute—had pro-
duced and distributed to their peers. Yet in the USA, the landscape of
concerted mapping programmes was different. One of them, centred
around USDA MARC, adopted some of the organisational and logistic
aspects of the large-scale production model that was becoming increas-
ingly pervasive in human genomics.

USDA MARC approached the same specialist team from which the
THGSC had commissioned the production of libraries to map and deter-
mine the reference sequence of the human genome: Pieter de Jong’s
group at the Roswell Park Cancer Institute. The resulting pig BAC library
was named after de Jong’s institutional acronym (RCPI) and given serial
number 44, since the team had been involved in the construction of pre-
ceding libraries for other organisms. RPCI-44’s creation was paid for by
USDA MARC, with several researchers from there involved in its charac-
terisation and analysis. The library was derived “from four crossbred male
pigs (breed composition: 37.5% Yorkshire [ Large White], 37.5% Landrace,
and 25% Meishan)” (Fahrenkrug et al., 2001, p. 472). It therefore over-
lapped with the two breeds that provided the DNA for PigEBAC and, like
the Roslin library, was intended to be used in both mapping and identify-
ing further genetic markers of agricultural interest. Yet RPCI-44 was at

19 Landrace breeds around the world originate in the Danish Landrace breed and are not
to be confused with the term landrace breeds that designates locally-specific traditionally
grown or reared types of plant or animal. The RCPI-44 library used the American Landrace,
which like the other Landrace breeds is bred for food production. As with the Meishan pigs,
Landrace breeds were originally imported into the USA in small numbers following sensitive
political negotiations, albeit earlier, in 1934: http://afs.okstate.edu/breeds/swine/
americanlandrace (last accessed 9th December 2022).
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this point the only library whose creators made explicit mention of its
possible use for the sequencing of large genomic regions or even the whole
genome of S. scrofn (Fahrenkrug et al., 2001).2°

RPCI-44 became publicly available in 1999, the same year as
PigEBAC. By that time, the IHGSC effort was approaching its zenith and
its participants were looking to the post-human reference sequence world.
A potential new horizon for some of them, especially those more narrowly
specialised in conducting large-scale mapping and sequencing, was under-
taking the genomes of other organisms. Debates and planning took
place at the NIH on opening funding streams to sequence non-human
genomes that could provide both comparative insights for data validation,
as well as knowledge of interest for medicine, agriculture and industry
(Chaps. 6 and 7). During the early-2000s, the communities that had con-
verged around pig mapping attempted to take advantage of these oppor-
tunities to position S. scrofnr as a candidate to be sequenced next.

Here, the role of a handful of international conferences in allowing the
small and increasingly tight-knit pig genomics community to come
together and develop new ideas and strategies was key. Three of these were
especially significant: the Plant and Animal Genome conference held
annually in January in San Diego, California; the biennial International
Society of Animal Genetics (ISAG) conference held in a different location
every even-year summer; and the quadrennial World Congress of Genetics
as Applied to Livestock Production, that also moves around venues world-
wide. These meetings concerned (and still concern) multiple species, in
contrast to the typical conferences of human researchers, and are used as
occasions for convening working groups and consortia, for holding meet-
ings to discuss the progress of existing projects, and debating the pros-
pects for forming new ones.

Many of the researchers in the pig community work on other organisms
as well, usually other farm animals. Contact with colleagues pursuing
genomics research on other species raised their horizons, as well as
informed their own strategising. For example, pig genomicists learned
from developments in cattle genomics, as we shall see in this chapter and
Chap. 7. Chicken genome researchers, who like cattle genomicists were
pursuing a full reference sequence before the pig, also intersected with the
pig genome community, though in a more direct way through the

20https: //www.animalgenome.org/pigs/newsletter/No.038.html  (last accessed 9th
December 2022).
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involvement of people like Wageningen University’s Martien Groenen in
both efforts. Industry representatives, particularly from the breeding sec-
tor, were (and are) regular participants in these conferences, and the infor-
mal sharing of new developments in the academic and private settings has
been key to shaping research and industry agendas.

The NIH held a workshop in July 2001 on ‘Developing Guidelines for
Choosing New Genomic Sequencing Targets’, involving key figures in the
THGSC. Richard Frahm, the National Program Leader of Animal Genetics
at the USDA’s CSREES, advocated for sequencing an agriculturally
important species, emphasising its potential economic impact in addition
to its value for comparative purposes. However, already at this stage, the
phylogenetic position (where a species is located in the tree of life) of the
candidate species was being emphasised by other participants at the work-
shop as a key criterion, and this meant that advocates for sequencing some
non-agricultural organisms could stake more convincing claims. Parallel to
this, the USDA was exploring its own options for genomics. The new
Under Secretary for Agriculture responsible for research, Joseph Jen,
requested that the US Government’s Office of Science and Technology
Policy create an Interagency Working Group on Domestic Animal
Genomics.*!

In 2001, a different group—the Alliance for Animal Genome
Research—was established in the USA by agricultural industry bodies and
research institutions to advocate for the development of genomics research
concerning animals used in agriculture. From the beginning, they were
led by Kellye Eversole, and the Alliance used her firm Eversole Associates
to lobby public officials and politicians. This would prove useful in acquir-
ing funds in the US Government’s budgeting process.?

An early success of the Alliance for Animal Genome Research was in
getting the US National Academy of Sciences to convene a meeting on
domestic (i.e. farm) animal genomics. This was funded to the tune of
$100,000 by the two main research arms of the USDA (the Agricultural

2Ten was the Under Secretary for Research, Education, and Economics from 2001 to
2006. An executive position, an Under Secretary of the USDA is hierarchically below the
cabinet-rank Secretary and their Deputy Secretary. A third-tier position (Level IIT in the US
Government’s ‘Executive Schedule’), in 2001 there were seven Under Secretaries in the
USDA (at the time of writing, there are eight).

2 https://www.animalgenome.org/pigs/newsletter/No.049.html  (last accessed 9th
December 2022); https://www.animalgenome.org,/pigs/newsletter/No.050.html (last
accessed 9th December 2022).
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Research Service—ARS—and CSREES) and took place on 19th February
2002 in Washington DC. In addition to contributions on comparative
genomics, many of the discussions centred on which species should be
sequenced (Pool & Waddell, 2002).

Spurred by the impending competition for resources for sequencing,
the pig genome community marshalled its own efforts. Arising out of the
ISAG meeting in August 2002, a permanent animal genome sequencing
committee was created and a working group was tasked with writing a
‘White Paper’ to submit to the NIH to interest them in sequencing the
pig genome. In October, the White Paper was submitted, and a ‘Scientific
Stakeholders meeting’ of the Interagency Working Group (coordinated by
Jen) was held, with Rothschild, Gary Rohrer from USDA MARC and
Fuller Bazer (a Texas A&M University reproductive biologist) advocating
for the pig.??

The White Paper was co-authored by Rohrer, Rothschild, Lawrence
Schook and Jon Beever of the University of Illinois, together with Richard
Gibbs and George Weinstock of the Human Genome Sequencing Center
at Baylor College of Medicine. Its arguments for sequencing the pig
genome heavily emphasised its potential value for human health through
developing the pig as a biomedical model, and in terms of what it could
contribute to human genomics.?* The former contention drew on long-
established work in shaping the pig as an animal model of disease. Schook
in particular had worked in this vein, and much early research at CEA-
INRA had addressed the potential of S. scrofa for advancing human medi-
cine. This line of work emphasised the biomedical fruits of pig genetics
research to uncover genes relevant to human disease and health, some of
which had been conducted by the more agriculturally-inclined scientists
and institutions.

2 https://www.animalgenome.org,/pigs,/newsletter/No.056.html  (last accessed 9th
December 2022); https://www.animalgenome.org,/pigs/newsletter/No.057.html (last
accessed 9th December 2022).

2#In Chaps. 6 and 8, we examine ways in which human genomics has shaped genomic
research on non-human species, through the creation of infrastructures and standards as well
as the norms and organisational forms to which non-human genomicists have to conform
and adapt. This is in addition to the more direct impact of subordinating the genomics of
non-human species to the pursuance of human genomics, either by conceiving them as pilot
programmes (Chap. 2) or as sources of additional forms of data that could inform the anno-
tation of the human reference genome.
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The ability to genetically modify and clone pigs, together with the exis-
tence of mapping and DNA library resources, were adduced in support of
their contention that pig genomics was sufficiently mature and ready for
whole-genome sequencing. This case was further supported by the ongo-
ing construction of a BAC fingerprint map by a consortium of INRA, the
University of Illinois, USDA MARC, the Roslin Institute, the BBSRC and
the Sanger Institute. The White Paper also stressed the comparative
genomics expertise and knowledge built up by pig genomicists, which
could provide a conduit for the translation of pig mapping and sequencing
data to human genomics (Rohrer et al., 2002; Garcia-Sancho et al., 2017,
pp- 13-14).

These efforts culminated in the formation of the SGSC in 2003, with
its inaugural meeting held at INRA Jouy-en-Josas in September, hosted by
Schook and Patrick Chardon. In addition to researchers from many of the
same mapping institutions that had come together in the 1990s on both
sides of the Atlantic, representatives from China, South Korea and Japan
were also present and played a significant role in the sequencing effort to
come. Reflecting their growing importance in this area, agents of the
USDA and the Alliance for Animal Genome Research were also in atten-
dance. The basic principles for the operation of the Consortium, estimates
for resource requirements and commitments for contributions towards
the eventual project, were laid out at this meeting (Schook et al., 2005).

Although at first glance its structure and operation seemed to replicate
the IHGSC, the SGSC differed in a number of important respects. While
the leading institutions of the IHGSC were large-scale sequencing centres
that had been either created de novo or considerably enhanced for the
determination of the human reference genome, the SGSC’s membership
included many participants in the prior swine genome mapping pro-
grammes that existed long before concerted sequencing appeared on the
horizon (Table 5.2).

In terms of funding, the organisations that came to support the SGSC
were more agriculturally-inclined and less biomedically-oriented than the
ones that underwrote the human genome coalition. The contributors to
the SGSC included a lower proportion of charities, but there was a stron-
ger presence of public and private funders connected to local economic
interests, such as livestock production and breeding. Finally, the SGSC
was a unified body dedicated to garnering the funds needed to sequence
the whole genome of the pig, to map out the strategy and means to do so,
and also to guide and involve itself in that sequencing. It was a concrete



184 M. GARCIA-SANCHO AND J. LOWE

Table 5.2 List of members of the Swine Genome Sequencing Consortium elab-
orated by James Lowe with data from: https://www.igb.illinois.edu/labs/
schook/sgsc/index.php (last accessed 9th December 2022). Key participants in
PiGMaP and USDA mapping initiatives are indicated in bold. The selection crite-
rion for mapping participants included in this table is authorship on at least one of
the following papers: Archibald et al. (1995), Yerle et al. (1995) and Rohrer et al.
(1996). It should be noted that the selection criterion excludes many scientists
who were involved in some way in mapping and/or sequencing. For instance,
Timothy Smith was key to resequencing the pig genome (Chap. 7) but was not a
member of the Consortium, and Patrick Chardon and Tosso Leeb (to pick only
two examples of many possible ones) were involved in mapping and genome
library creation in the 1990s, but were not authors on the three papers used for
identifying mapping participants to include in this table. Compare the continuity
exhibited in this table to the discontinuity in human genomics, as illustrated by the
differences between the institutions listed in Table 3.1 (Chap. 3) and those listed
in Table 4.1 (Chap. 4)

Members of the Swine Genome Sequencing Consortinm

Gerard Albers (Nutreco)

Alan L. Archibald (Roslin Institute)
Craig W. Beattie (University of Illinois at
Chicago)

Bin Liu (Beijing Genome Center)
Pramod Mathur (Canadian Centre for
Swine Improvement)

Denis Milan (INRA Toulouse)

Jonathan E. Beever (University of Illinois)
Mark Boggess (National Pork Board, USA)
Joseph P. Cassady (North Carolina State
University)

Patrick Chardon (INRA Jouy-en-Josas)
Bhanu Chowdhary (Texas A & M
University)

Kellye Eversole (Alliance for Animal Genome

Research)

Merete Fredholm (The Royal Veterinary
and Agricultural University, Denmark)
Greg Gibson (North Carolina State
University)

Elisabetta Giuffra (Tecnoparco, Lodi, Italy)
Jan Gorodkin (The Royal Veterinary and
Agricultural University, Denmark)

Ronnie Green (USDA-ARS)

Martien Groenen (Wageningen University)

Barbara Harlizius (The Institute for Pig
Genetics, The Netherlands)
Debora Hamernik (USDA CSREES)

Sean Humphray (The Wellcome Trust Sanger

Institute)
Steve Kappes (USDA-ARS)

Alan Mileham (Sygen)

Sung-Jong Oh (National Livestock
Research Institute, Korea)

Anna Palmisano (USDA CSREES)

F.A. Ponce de Leon (University of
Minnesota)

Mugquarrab Qureshi (USDA CSREES)
Jane Rogers (The Wellcome Trust Sanger
Institute)

Gary Rohrer (USDA MARC)

Max F. Rothschild (Iowa State
University)

Lawrence Schook (University of Illinois)
Paul Sundberg (National Pork Board,
USA)

Tosso Leeb (University of Bern)
Hirohide Uenishi (National Institute of
Agrobiological Sciences, Japan)

John Webb (Maple Leat Foods)

Alan Wildeman (University of Guelph)
Ming-Che Wu (Taiwan Livestock
Research Institute)

Hiroshi Yasue (National Institute of
Agrobiological Sciences, Japan)
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entity from the very beginning, something that had been missing from the
human genome effort, with the IHGSC largely being a retrospectively
established name for a coalition that had emerged during the second half
of the 1990s and into the 2000s (Chap. 4).

At its launch, the SGSC believed that a sum in the range of 50 million
dollars would be required.?® Fortunately for the pig genomicists, this
proved to not be the case, as the body that could provide funds on such a
scale—the NIH National Human Genome Research Institute—did not
prioritise S. scrofr as a sequencing target, focusing instead on cattle as its
chosen agriculturally-important species, in part because of backing from
the cattle industry and the rapid progress that was being made as a result
(Chaps. 6 and 7).%¢

As they were unsuccessful in attracting NIH funds for whole-genome
sequencing, they turned their attention to generating other key resources—
such as the BAC fingerprint map and Expressed Sequence Tags. They also
focused on further exploiting what they already had, using smaller pots of
money and collaborating in a similar way to how they had been doing
previously. Alongside this, efforts to secure funds from the USDA to
sequence the whole pig genome continued. The existing genomic efforts
and the support of companies and pork industrial boards helped, as did
the ongoing connections with USDA officials, the assistance of the local
congressman for the University of Illinois at Urbana-Champaign,
Representative Timothy Johnson, and the lobbying of the Alliance for
Animal Genome Research.

This bore fruit in 2006, when Jen, just before leaving his post as Under
Secretary at the USDA, approved $10 million for sequencing the pig
genome (formally awarded to the University of Illinois), which was signed
off by the then Secretary of Agriculture, Mike Johanns. Increasing auto-
mation and refinement of sequencing processes had reduced costs and
therefore lowered the barriers for the full genome sequencing of less well-
funded species, but the required investment was still substantial. The
funds from the USDA were complemented by additional resources pro-
vided by Iowa State University and North Carolina State University, as
well as industry bodies: the National Pork Board, the Iowa Pork Producers
Association and the North Carolina Pork Council. The other institutions

B https://www.animalgenome.org/pigs/newsletter/No.063.html  (last accessed 9th
December 2022).
26Interview conducted with Lawrence Schook over Skype by James Lowe, January 2017.
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involved in the SGSC brought their own resources to bear on the overall
programme, once again drawing on grants to perform particular pieces of
research and create new resources (Lowe, 2018).27 Key to the USDA’s
support was the demonstration that the community of pig genomicists
was united behind one project and that the initiative had international
buy-in. The existing international basis of the community helped, as did
the agreement of a separate Sino-Danish collaboration to contribute data
from what had threatened to be a rival project.?®

Schook was appointed co-director of the SGSC alongside Mike Stratton,
an expert in cancer genetics at the Sanger Institute. Schook approached
pig genomics from the direction of establishing S. scrofa as an animal
model of disease, but like many of the other members of the community,
his genetic and genomic research led him to work towards multiple
domains of application. Like the USDA MARC researchers, he relied on
de Jong for the construction of the library that was mainly used in the
concerted projects to physically map and then sequence the whole pig
genome. In 2000, de Jong’s team had moved from RCPI to the Children's
Hospital Oakland Research Institute (CHORI), located on the other
coast of the USA within the San Francisco Bay Area. There they led the
BACPAC Resources Center, a unit specialised in the mass production and
distribution of DNA libraries.*

De Jong had approached Schook at the January 2002 Plant and Animal
Genome conference, with news that he had received funding to construct
a pig DNA library. De Jong suggested that an inbred female pig be used,
as this would have two copies of the X chromosome, no Y chromosome (as
these are notoriously difficult to deal with), and reduced heterozygosity—
the variation between each chromosome in a pair. Schook had access to a
reference family that had been constructed at the University of Illinois at

27USDA News Release, January 13th 2006. USDA AWARDS $10 MILLION TO
SEQUENCE THE SWINE GENOME. In “Pig Sequencing” folder of Alan Archibald’s
personal archive, obtained 17th May 2017.

2 Interview conducted with Lawrence Schook over Skype by James Lowe, August 2017.

2In 2019, the libraries and other resources started to be distributed by a company,
BACPAC Genomics, rather than by CHORI. https://bacpacresources.org/home.htm (last
accessed 9th December 2022).
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Urbana—Champaign for the purposes of mapping QTL.3* One of the pigs
in that family was more inbred than any other and would therefore be
more homozygous and amenable to library production: a Duroc (North
American domestic breed) sow born in 2001. Once Schook and his col-
league Jon Beever had decided to use her, they sent de Jong 250 millilitres
of her blood as requested, and from this the DNA was extracted from
white blood cells to produce the CHORI-242 BAC library, as well as
another fosmid library also used in sequencing.3!

The sow chosen by Schook and de Jong had a name: TJ Tabasco
(Fig. 5.4, top). Oddly, she was named after her offspring, who were clones
of her. T] Tabasco was an acronym of the first letters of the names given
to nine of them, deriving from animated characters: Tinker Bell, Jasmine,
Tiana, Aurora, Belle, Ariel, Snow White, Cinderella and Olivia (Fig. 5.4,
bottom).

These DNA libraries and other reference resources were used in physi-
cal mapping at The Keck Center for Comparative and Functional Genomics
of the University of Illinois at Urbana—Champaign, the French national
sequencing centre Genoscope, and the Sanger Institute. Both Genoscope
and the Sanger Institute were prominent IHGSC members. The Sanger
Institute had been the second largest contributor to the draft human refer-
ence sequence published in 2001, and Genoscope was the seventh largest
contributor (and second most productive European centre). The Sanger
Institute was also contracted by the SGSC to determine the genome
sequence and undertake some of the work that transformed this string of
nucleotides into an assembled and fully annotated reference genome, as
we sce in Chap. 6.3 The physical map and the BAC libraries were used as
the basis for the main part of the sequencing of the reference genome at

30The construction of such families had a long history at many of the institutions that form
part of the community of pig genomicists: agricultural research institutions like INRA and
the Roslin Institute, and the land grant universities of the US. They keep herds and flocks of
farm animals for research purposes. This was a legacy of their previously more direct role in
breeding, but it became useful with the advent of genomics research.

3 Interview conducted with Lawrence Schook over Skype by James Lowe, August 2017.
A fosmid library uses a bacterial F-plasmid as the vector. The one discussed here was not
named, nor became a product more widely distributed by the BACPAC Resources Center.

32 Genoscope had been created in 1996 with government funding with the remit of build-
ing on the prior, charity-sponsored work at Généthon by Cohen and other large-scale
genome mappers. Baylor College had been considered to perform the sequencing, but due
mainly to the pig genomics community’s existing relationship with the Sanger Institute, and
the more comprehensive range of services offered there, the latter was chosen.
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Fig. 5.4 Top: TJ Tabasco, as preserved on the wall of Lawrence Schook’s office
at the University of Illinois at Urbana-—Champaign. Bottom: Cloned offspring of
TJ Tabasco. Cultures of foetal fibroblast cells and tissues at different developmen-
tal stages were derived from these pig clones and used to construct whole-genome
shotgun libraries at the Sanger Institute and ¢cDNA libraries. The ¢cDNA libraries
were used for the annotation of the reference sequence that was derived chiefly
from DNA obtained from their mother. Photographs courtesy of Lawrence Schook

the Sanger Institute. This reference sequence and the physical map were
largely derived from the CHORI-242 library that de Jong had produced
for Schook, alongside the fosmid library from TJ Tabasco and the three
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other BAC libraries mentioned, produced by CEA-INRA, the Roslin
Institute, and de Jong’s group at USDA MARC’s request (Schook et al.,
2005; Humphray ct al., 2007; Lowe, 2018). Annotation of the reference
sequence made use of the cDNA libraries derived from the cultures of T]
Tabasco’s clones (Fig. 5.4).

In its overall strategy, the SGSP operated in a way that reflected the
original plan for the determination of the human reference genome: a
distinct physical mapping stage that preceded and informed subsequent
hierarchical shotgun sequencing. The sequencing of the DNA from the
libraries—again, chiefly CHORI-242—was almost exclusively undertaken
by the Sanger Institute, using the factory-style methods refined in human
genome sequencing. Yet beyond the mere determination of sequence
data, there was substantial input from the rest of the SGSC members.
First, the participating laboratories played a crucial role in augmenting the
initial stitching together—assembly—of the sequenced clones into larger
and more contiguous stretches of sequence across the whole genome.
Secondly, a number of Chinese and Danish institutions provided key addi-
tional data for the assembled genome using next-generation sequencing
(Wernersson et al. 2005).3 Thirdly, this and other supplemental sequenc-
ing, along with the prior mapping and knowledge of genetic diversity
across breeds possessed by the community, informed the analyses compar-
ing the genomes of different breeds of pig that accompanied the 2012
Nature paper describing the reference genome.®*

There was a distinct role for the Sanger Institute in this project, com-
pared with its roles in S. cerevisine sequencing and the IHGSC. Contrary
to the case of the yeast genome project—where the Sanger Institute was a
participant—and the IHGSC effort that the Sanger Institute had helped
to coalesce, the Sanger Institute here opened up to and worked with a
separate community. The pig genomicists were able to take advantage of
the repertoires established at the Sanger Institute to process DNA libraries,

#3These institutions were the Beijing Genomics Institute in China, and in Denmark: the
Center for Biological Sequence Analysis at the Technical University of Denmark; University
of Aarhus; The Royal Veterinary and Agricultural University; and Danish Institute of
Agricultural ~ Sciences.  https://rth.dk/resources/piggenome/  (last accessed 9th
December 2022).

3*The supplemental sequencing included the whole-genome shotgun approach that Celera
pursued. See Lowe (2018) for an account of the sequencing of the pig genome; here we
concentrate on some key aspects, especially those with which we can make salient compari-
sons to the processes evident in human and yeast sequencing.


https://rth.dk/resources/piggenome/

190 M. GARCIA-SANCHO AND J. LOWE

sequence DNA, assemble sequences and validate the results. Rachel
Ankeny and Sabina Leonelli (2016, p. 19) deploy the term repertoire to
mean “the material, social, and epistemic conditions under which indi-
viduals are able to join together to perform projects and achieve common
goals, in ways that are relatively robust over time despite environmental
and other types of changes, and [that] can be transferred to and learnt by
other groups interested in similar goals”. In this case, however, other
groups interested in different goals beyond the production of a reference
genome participated in and helped to direct the repertoires established at
the Sanger Institute. The availability of a comprehensive physical map and
previous genetics research allowed members of the community to request
that certain areas of the genome be given special attention, for example,
with targeted sequencing of those areas at higher levels of coverage con-
ducted by the Sanger Institute.

Alongside this, the fragments of determined sequence were joined
together—assembled—using the previously elucidated physical map,
which indicated the order and relative positions of clones derived from the
DNA libraries. As had been the case in the IHGSC effort, the software
package PHRAP was used to assemble the pig sequence data generated at
the Sanger Institute into—in this case—279 sets of overlapping contigu-
ous sequences known as ‘contigs’. Using methods and pipelines developed
for human genome sequencing, workers at the Sanger Institute then
applied automated pre-finishing procedures and closed remaining gaps
with selective sequencing of BAC clones that were known to span them.
The Sanger Institute made checks of coverage, extent and contiguity, and
the pig genomics community themselves contributed to checking and cor-
recting the provisional assembly so produced by the Sanger Institute. One
way that they did this was to check the orientation and order of scaffolds
containing contiguous sequence using a previous physical map.*® Greater
conformity with this map in a newer assembly (or build) was adduced as
evidence that it constituted an improvement (Groenen et al., 2012,
Supplementary Information).

Members of the pig genomics community were granted access to the
Genome Evaluation Browser (gEVAL) that had been created and was
maintained by the Genome Reference Informatics Team (GRIT) at the
Sanger Institute. This enabled them to view the assembly, assess its

3 This physical map was produced using a method called radiation hybrid mapping. On
this method and its role in pig genomics, see Lowe (2022).
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accuracy and communicate their findings to GRIT. This process drew
upon the community’s more general knowledge of the structure and
nature of the pig genome, detailed knowledge of particular regions, and
their facility in exploiting human genome data to inform their assessment
of the §. scrofn sequence. In some cases, assembly errors identified by
members of the community were used to amend algorithms that were
deployed in the process of constructing genome assemblies (Lowe, 2018).
We explore these relationships and interactions between the members of
the pig genome community and the specialist genomic labour and pipe-
lines at the Sanger Institute in more detail in Chap. 6.

The immediate output of this was an imperfect frozen abstraction, the
representative reference genome of the pig, which could be continually
annotated further, and eventually replaced by other frozen abstractions:
newer versions of the representative reference genome. In terms of varia-
tion, the reference genome looked to be just as limited in scope as the
human and yeast genomes. Yet, due to the nature of its construction—in
particular, the involvement of the existing community of pig genomi-
cists—a significant constituency of users were acutely aware of the varia-
tion included in—and excluded from—the reference sequence. Like the
human genome, it was substantially based on DNA from a single individ-
ual, but for the pig genomics community, it constituted a resource to be
built on and linked to others, just as with their previous efforts and out-
puts. It was not supposed to represent the species in all its variation and
diversity. They were aware of this and compensated for it.

5.3  REFERENCE GENOMES AND THEIR AFFORDANCES

The sequencing of the pig genome appears to represent a continuation of
the tendency towards the concentration of reference sequence producers
that we have outlined in the preceding chapters of this book. While in the
early-to-mid 1990s, initiatives to complete the yeast genome combined
distributed and concentrated approaches to the determination of the ref-
erence sequence—represented by the EC and US programmes, respec-
tively (Chap. 2)—towards the end of the twentieth century the IHGSC
consolidated an intensive, large-scale production system that was embod-
ied in the genome centres (Chap. 4). Ten years later, in the mid-to-late
2000s, the role of the Sanger Institute in the SGSC implies an even more
concentrated production model in which only one genome centre was suf-
ficient to determine the full reference sequence of S. scrofr, as opposed to
twenty in the human genome effort.
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Yet, the involvement of pig geneticists in the production and continu-
ous adaptation of their reference genome—something that we explore
further in Chap. 6—compensated for the delegation of part of the produc-
tion process to the Sanger Institute. As a result, this community held a
different perception of the reference genome that they helped to create
than the yeast and human genomicists did for their reference genomes
(Table 5.3).

The yeast genome was produced as a community resource to be shared
by geneticists, biochemists and cell biologists interested in the study of this
single-celled organism. Key to its production was agreement about the
suitability of using the S288C strain of §. cerevisine as a model to investi-
gate the workings of genes and cellular processes in eukaryotic organisms
such as yeast. S288C had a prior history of use in genetic experimentation
and shared genetic linkage and physical maps of it existed when the genome
sequencing efforts started in 1989. This eased the convergence of the dif-
ferent communities of yeast geneticists and biologists around the objective
of genome sequencing (Szymanski et al., 2019; Vermeulen & Bain, 2014).

The S288C strain thus became the glue that aligned the heterogeneous
institutions and differential sequencing practices of the distributed approach
promoted by the EC’s programme. The presumed—or intended—invari-
ance of this strain also allowed the meshing of the data produced by the
European consortium with that generated by the American and Asian insti-
tutions also involved in yeast genome sequencing. S288C was used as a
fundamental common object for investigating the biology and genetics of
yeast by its communities of researchers. Not surprisingly, once its reference
sequence was produced in 1996, the further functional explorations of the
S. cerevisine genome—among them the EUROFAN project—relied on the
same strain and were undertaken by largely the same participants as the
genome sequencing programmes (Chap. 7).

The case of the human genome is quite different. Here, the strategy
propounded by the leaders of the genome centres that were being estab-
lished during the 1990s, departed from existing chromosome mapping
practices of human and medical geneticists. These genome centre leaders
belonged to a new generation of researchers that were supported by both
rising biomedical funders—the Wellcome Trust—and influential scientific
celebrities such as Nobel laureate molecular biologist James Watson. The
younger breed of researchers and their supporters formulated a vision of
producing a map and reference sequence of the entire human genome.
These reference resources would represent the species as a whole and, as
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Table 5.3 A comparison of the yeast, human and pig reference genomes (elabo-
rated by both authors)

Yeast

Human

Pig

Mapping
communities

Sequencing
communities

Relationship of maps
to sequence

Concentrated in
a few respected
genetics and
molecular
biology groups
(Robert
Mortimer,
Maynard Olson)
that freely
disseminated data
across the
community.
Different from
prior mappers.
Geographical
asymmetries:
genome centres
in the USA-UK;
a heterogeneous
consortium of
yeast geneticists,
biochemists, cell
biologists and
small companies
under the EC.
Previous
comprehensive
genetic linkage
and physical
mapping.
Bespoke physical
maps constructed
for each
chromosome to
aid the
sequencing
operation.

Distributed across
human and medical
geneticists who
pooled data in
Chromosome
Workshops and
collaborative human
genome programmes
(e.g. Human
Genome Analysis
Programme).

International Human
Genome Sequencing
Consortium (formed
by genome centres,
administrative
agencies and
bioinformatics
institutes; did not
include a substantial
part of the
chromosome
mapping
communities).
Whole-genome
physical mapping
conducted alongside
sequencing to aid
assembly and
annotation.
Sequencing drew
upon both whole-
genome and
chromosome-specific
physical mapping.

Distributed across
animal geneticists and
immunogeneticists
who shared data and
materials in concerted
genome mapping
programmes (e.g.
PiGMaP).

Swine Genome
Sequencing
Consortium (included
mapping communities
plus a genome centre
as an external
contractor).

Sequential: whole-
genome physical
mapping used as the
basis for the selection
of clones to sequence,
and then to guide the
assembly of the
sequence.

(continued)
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Table 5.3 (continued)

Yeast Human Pig
Presumed Specific Aimed to represent  Derived from a single
representativeness of  Saccharomyces Homo sapiens as a pig (T] Tabasco) with

the genome

cerevisiae strain
(S288C). The
sequencing
community were
aware of the
partiality of this,
and the unusual
nature of this
specialist

laboratory strain.

whole. DNA used in
the sequencing was
derived from a
limited number of
individuals without
an attempt made to
reflect human
diversity. At the
time, this was not
thought to be a

some additional use of
libraries derived from
the DNA of multiple
breeds. Pig
genomicists had an
instrumental
conception of the
extent to which the
reference sequence
represented Sus scrofiv

problem for the as a whole.
representativeness of
the resulting

reference sequence.

with the map and sequence of the yeast genome, would enable researchers
to address the molecular basis of fundamental life processes, including
pathologies and development from embryo to adult. Unlike the yeast
efforts, though, the human genome did not correspond to a specific
‘strain’ of H. sapiens—it was a vaguer abstraction than that. Furthermore,
the human reference sequence was determined by a less heterogeneous set
of institutions and techniques: the IHGSC coalition of genome centres
deploying industrial modes of data production and processing, supported
by administrative agencies and bioinformatic infrastructures (Chap. 4).
The vision of the genome centre coalition clashed with the approach of
human and medical geneticists, for whom only the genome regions that
varied between healthy individuals and those suffering from genetic dis-
eases deserved attention.3® Prominent and long-serving geneticists based

3¢There were intermediate actors and communities between these two extreme positions.
One of them was the French Muscular Dystrophy Association, which provided charitable
funding for Généthon. Within its human mapping work, Généthon combined a whole-
genome operation with a more targeted, 4 /o carte role serving the demands of medical
geneticists (Kaufmann, 2004, see also Chap. 3). This dual role was also undertaken in the
carly years of the US genome centres. Their targeted, disease-oriented projects were, how-
ever, increasingly discontinued in the mid-to-late 1990s, and outsourced to associated labo-
ratories or spin-off companies in which genome centre scientists were involved
(Hilgartner, 2017).
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in hospitals and medical schools, such as Victor McKusick and Walter
Bodmer, had dominated early discussions of genomics as a nascent disci-
pline during the mid-to-late 1980s. They had also served as coordinators
and advisors in the first concerted initiatives to map and sequence the
human genome, which largely adopted the distributed, networked
approach of the EC’s yeast genome programme—with the notable excep-
tion of the national human genome effort in the USA (Chap. 3).
Throughout the 1990s, however, the influence that these reputed medical
geneticists had in the new sequencing centres declined, which was reflected
in their peripheral involvement in the IHGSC. The differences between
the two groups inhibited the involvement of a large part of the human and
medical genetics communities in the production of the reference sequence
and hindered the subsequent clinical exploitation of this resource. For a
substantial fraction of medically-oriented geneticists, the lineages of the
THGSC map and sequence—in terms of the human populations they rep-
resented, or their associations with previous maps of healthy and diseased
individuals—were blurry and difficult to reconstruct. This led to them
preferring to keep using their more chromosome or region-specific,
locally-produced and clinically-targeted resources: maps and sequences
extracted from hospital patients that were compared to control data from
persons not affected by the conditions being studied.

Pig genomics represents a third, distinct case. The involvement in the
SGSC of the communities that had coalesced during projects to systemati-
cally map the pig genome meant that the resulting reference sequence
would only ever be seen as an arbitrary abstraction from the known or
supposed genetic diversity of pigs.

Crucially, unlike in the yeast and human reference sequence efforts,
S. serofn mapping and sequencing was never presumed to be comprehen-
sive or complete. Satisficing according to proximate concrete translational
goals was the aim of pig genomicists, as it had been for medical geneticists
involved in the HGMP or other early human genome programmes. Due
to this, the swine reference sequence was perceived as a dynamic resource
that would qualitatively change when updated. This resource would also
form the basis for the creation of new reference resources incorporating
different variation, as the objectives of its user communities evolved. This
continuous iterative adjustment was reflected in practices such as annota-
tion of the reference sequence with data concerning immune response
genes or other traits of interest for pig geneticists and the livestock breed-
ing industry and the creation of new datasets cataloguing inter-breed vari-
ability. These practices were regarded as part of the ongoing production
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and use of the reference sequence, rather than as an appendix or postscript
to be added once the genome was “finished’. As we see in the next chapter,
this led the collaboration between the Sanger Institute and the other
SGSC members to be extended in order to develop the annotation of the
pig sequence so it could be aligned with numerous and changing research
priorities (Chap. 6).

Key aspects of the production and nature of the pig genome remain
invisible if its story is just told from the perspective of the sequencing work
conducted at the Sanger Institute using a small set of libraries largely
drawn from one highly-inbred pig. The other consortium members con-
tributed an array of practices—from mapping to assembly and annota-
tion—that were crucial in augmenting and transforming this partial
sequence into a usable genome.?” They conducted these in conversation
with the Sanger Institute, which opened itself up to the input of this com-
munity and changed the way key parts of its specialised data production
and processing pipelines worked. This contribution by pig geneticists pro-
vided them with a perspective on their reference genome that human
geneticists lacked. For human and medical geneticists, their relative
absence from the IHGSC effort complicated their ability to link the refer-
ence sequence to data they routinely produced about clinically-relevant
variation.

These differences suggest that the master narrative of genomics—cen-
tred on the production of the human reference sequence but with that pre-
sumed to stand in for genomics as a whole—constitutes an artifactual
historical representation. When the historical lens goes beyond the mere
compilation of reference sequences, genomics research emerges as a
broader enterprise that diverges from this canonical trajectory. The history
of the production of less well-known—and especially non-human—
genomes enables us to better discern connections between the creation of
reference sequences and pre-existing practices and communities engaged
with genome mapping. In the case of §. scrofn, these practices and

¥The way that the Sanger Institute operated can be conceptualised as “horizontal
sequencing”, a form of work concerned with the determination of a one-dimensional string
of nucleotides. As well as human and medical geneticists, the SGSC members engaged in
“vertical sequencing”, a strategy that addresses smaller areas of the genome but takes into
account variation beyond the single dimension of a reference sequence. On this horizontal-
vertical distinction as applied to human genomics, see Garcia-Sancho and Leng et al. (2022).
Elsewhere, we have conceptualised the range of activities that go into creating a usable refer-
ence genome in terms of “thick” as opposed to “thin” sequencing (Lowe, 2018).
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communities continued shaping the string of nucleotides produced at the
Sanger Institute and its representation in data infrastructures. When it
came to the determination of the pig reference sequence, the range of
actors and activities did not narrow as radically as they did in the IHGSC
effort. The participation of an established community of researchers in the
whole-genome sequencing effort with the Sanger Institute—which itself
had further evolved as a specialist genome centre—accounts for the more
direct and contextualised use of the sequence data by the pig geneticists,
especially compared to the more peripheral human and medical geneti-
cists. The next part of the book explores how this community involve-
ment—and its differing extents and nature in yeast, human and pig
genomics—shapes annotation and other post-reference genomic practices
(Chaps. 6 and 7).

The extreme filtering out of much of the variety of pre-reference
genomic research in the IHGSC is shown to be exceptional when lineages
and connections between earlier and later genomic research are consid-
ered, for instance between the early pig mapping programmes and what
has commonly been called “post-genomics” (Richardson & Stevens,
2015). We show that, outside the success narrative of the IHGSC, the
advent of a reference sequence does not by itself create the post-genomic
world. Furthermore, when other species such as S. scrof are considered,
continuities—f{rom before the reference sequence was determined to after
it—can be discerned for communities, practices, resources, knowledge
and objectives. Taking these points on board transforms the history of
genomics into a dynamic and recursive field rather than a dichotomous,
linear and teleological space punctuated by the completion of reference
sequences.
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CHAPTER 6

Making Reference Genomes Useful:
Annotation

This chapter looks at the processes of annotation: the identification and
adding of biologically-relevant information to the reference genome,
which can then be visualised in genome browsers, with the annota-
tions aligned against the reference sequence itself. Annotation is both a
key part of the creation of a reference genome and a definitional criterion
of being a designated reference genome in the RetSeq database. It is the
way in which the data produced in genomics are linked with the concerns
and interests of the empirical life sciences and particular problems that
motivate the work of specific communities: what historian Jon Agar (2012,
2020) has termed “working worlds”.

This chapter demonstrates that the establishment of ever-more auto-
mated and refined pipelines incorporating multi-dimensional data—includ-
ing cross-species comparative and ‘beyond the genome’ data such as protein
sequences—was only part of the story of the development of genome
annotation. We show that the manner in which annotation has developed
was affected by: the ways in which the algorithms, protocols and operations
of these pipelines were configured and improved; how they related to prac-
tices of manually annotating genomes; and the role played by the interac-
tions of specialist genomicists with particular research communities. These
factors were also pertinent to shaping what got annotated, how, and what
use was made of the resulting enriched reference resources.

© The Author(s) 2023 205
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We show that different models of annotation are shaped by the rela-
tionship between reference sequence production efforts and the nature of
the involvement of different communities converging around the genomes
of particular species. Pig genome annotation, as a collaboration between
the community of pig genomicists outlined in Chap. 5 and a well-
developed annotation infrastructure at the Sanger Institute, differed in its
nature and outcomes from yeast and human genomics. In yeast genomics,
the community of yeast biologists was intimately involved in the reference
genome production, while the initial annotation of the genome was
orchestrated by the central bioinformatics coordinator, the Martinsried
Institute for Protein Sequences.! In human genomics, two models existed:
one involved the creation of high-throughput annotation pipelines at the
institutions participating in the International Human Genome Sequencing
Consortium (IHGSC), while the other—developed by their rival, the
company Celera Genomics—was more open to input from prospec-
tive sequence users. In the former case, as with the reference genome
sequencing, the medical genetics community was largely uninvolved. In
the latter case, a subset of this medical genetics community was brought
into the fold and contributed towards the realisation of a product—an
annotated genome—distinct from that emanating from the large-scale
sequencing centres leading the IHGSC effort.

One key commonality between the multiple species we have examined
is the involvement of the Sanger Institute. In the previous chapter, we saw
how the Sanger Institute’s relationships with the different species com-
munities varied in important and consequential respects. In this chapter,
we show how the relationship of the Sanger Institute to the existing pig
genetics community, already particularly close during the production of
the Sus scrofa reference genome, was even more entangled for the annota-
tion of the resulting sequence. This annotation used data from prior anno-
tation and sequencing (in particular of the human genome) and availed
itself of the Sanger Institute’s infrastructures and procedures (pipelines)
developed through human (and pre-human) sequencing projects.
However, this annotation effort also had crucial input from the pig
genomics community, whose members played a significant role in manu-
ally annotating the genome, confirming the automated annotations of the
Sanger Institute, and contributing to an already-established panoply of
comparative resources, empirical data and theoretical insights. Rather than

'Yeast genomicists often refer to annotation as sequence analysis or functional analysis of
the genome. The term annotation is more uniformly preferred in human and pig genomics.
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just being a large-scale data producer, the Sanger Institute features here as
a collaborator, facilitator, trainer and provider of quality assurance, as well
as the manager of various data infrastructures.

This changing role exhibited by the Sanger Institute enables us to show
that the story of increasingly automated and data-intensive annotation
pipelines merely corresponds to some of the ways in which the IHGSC
institutions operated. We demonstrate that a broader multi-species
approach to examining the history of annotation practices helps us to
notice strategies that connect to the working worlds of the communities
using the sequence data. This allows us to disclose the activities of com-
munities that had long been generating and interpreting sequences, and to
incorporate their trajectories into the history of the production of refer-
ence genomes.

6.1  ANNOTATION: PIPELINES AND JAMBOREES

6.1.1  What Is Annotation and How Does It Contribute
to the Production of o Usable Refevence Genome?

Broadly speaking, annotation is the marking of features of interest in the
abstract landscape of the sequences of nucleotides. Typically, representa-
tions of the genome accessible to researchers and the lay public are in the
form of a browser, a window in which the user can select or deselect dif-
ferent features and modes of presentation of the genome to be conveyed
to them (Fig. 6.1). The different selected features are aligned vertically
next to a horizontal representation of the strands of the chromosome,
which depicts the order of nucleotides along it if the user zooms in suffi-
ciently. The browsers are based on database resources, perhaps incorporat-
ing several nested layers of data drawn from different sources.
The features that can be annotated include:

e Open Reading Frames (ORFs; segments between start and stop
codons—specific sequences that may indicate the presence of tran-
scribable DNA such as a gene);

e Genes (and their structure, organisation and variants);

e Repeat sequence regions, including those constituting telomeres at
the ends of chromosomes and centromeres that perform a key role in
the chromosome dynamics of cell division;
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e Pseudogenes (which appear similar to genes but do not function as
such, due to mutations—these may have originally been copies of
functioning genes);

e Regulatory regions that are not themselves expressed, but that affect
the expression of genes.

Beyond these, many different kinds of sequence variants can also be iden-
tified and annotated, including structural variants in which stretches of
nucleotides have been deleted, inserted, added, moved and inverted
(Mahmoud et al., 2019).2 Genomic variation comes in many forms, from
differences in individual nucleotides, through variation in the sequence of
individual coding regions, variation in the number of copies of repeat
sequence in particular regions, to differences in sequence at a more gross
level such as structural variants.

Two key distinctions have emerged to describe the processes and
objects of annotation: manual and automated annotation; and structural
and functional annotation.

Manual annotation involves the marking of genomic features using bio-
logical knowledge, such as the known sequence and location of a given gene.
This way, the sequence is interpreted and contextualised using evidence from
a variety of sources that may include earlier automated annotations. In auto-
mated processes, the genome assembly is first computationally analysed to
identify key features such as repeat sequences and ORFs, and then existing
datasets are interrogated to make predictions as to the annotation of more
complex features such as protein-coding genes. These predictions are then
examined further using a variety of algorithms embedded in different soft-
ware to synthesise different forms of data and thus establish consensus mod-
els of the gene, which may include its structure and the existence of different
forms. The data used in these automated processes include Expressed
Sequence Tags (ESTs), known protein sequences and RNA sequences. These
data can concern the species being annotated, as well as other species
known—through prior comparative work—to be genomically close enough
to the target species in order that cross-species inferences between parts of
the genomes known to be equivalent can be made (Lowe, 2022).

Typically, generic pipelines have been designed and continually devel-
oped to annotate genomes, similar to the way that ones have evolved to
produce and assemble sequence data (Stevens, 2013). These pipelines

2https://www.ncbi.nlm.nih.gov/dbvar/content/overview/  (last  accessed ~ 18th
December 2022).
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involve the specification of a series of sequential tasks and associated pro-
tocols, though typically different options for routes along the pipeline may
exist to enable projects with differing levels of resources to navigate it.
While some projects may have the resources to, for example, pay for addi-
tional manual annotation to refine the automated annotation, others may
not. The existence of generic pipelines, together with the use of cross-
species data, shows how genomic endeavours for different species interact.
The infrastructures are built to accommodate difference, but also to chan-
nel it to ensure that the products of the pipelines are commensurate, even
though they may serve—and be used by—different communities.

Alongside the selection of the source of DNA and the planning of the
project, it is in annotation that the reference genome as a creative product
of a particular configuration of actors is most manifest. The ways and
the extent to which the annotation process enables new forms of genomics
and genome-related research and resource development, however, depends
on the details of the construction of that reference genome. Such details
include the libraries used and how the genomic variation of the species was
abstracted into the reference sequence. Also crucial are the relationships of
particular research communities to various aspects of the process from pre-
reference genomics through to annotation, as we show below.

The distinction between structural and functional annotation appears to
map onto the distinction between (reference) genomics and post-(reference)
genomics, which is explored further in the following chapter (Chap. 7).
Structural annotation is the identification of particular features of the
genome such as genes and their organisation, but also other functional and
non-functional elements. Functional annotation is the connection of this
structural data to other forms of data that help to make sense of the prod-
ucts and role of particular genomic elements. Broadly, we discuss structural
annotation more in this chapter and functional annotation in the following
chapter, but in doing so, we reveal that the distinction and apparent tem-
poral succession from structural to functional is not clear cut.

6.1.2  Creation of Annotation Infrastructurves

Annotation practices pre-date the annotation of reference genomes, and
even the invention of DNA sequencing: for instance, the annotations in
Margaret Dayhoft’s early DNA sequence database were modelled on those
in her previously-established protein sequence database (Strasser, 2019,
p. 209). In the generation, collection and curation of annotations in data-
bases such as GenBank, Stephen Hilgartner (2017) and Bruno Strasser
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(2019) have identified two broad periods. There was an earlier period in
which database staff themselves had to collect and annotate individual
sequences, by trawling the literature. Then there was the period that suc-
ceeded this, in which the producer of the sequence data was able to submit
it—with pertinent annotation—directly to databases with the help of
specially-designed software tools.? In alliance with funders and journal edi-
tors, the databases helped to increasingly transform this practice into a duty.

In the first period, in the 1980s, annotation was essentially in the form
of metadata; curators would read journal articles reporting a new nucleo-
tide sequence and annotate the sequence by indicating the source of DNA
and key features within the string of nucleotides. This process was advanced
by agreements forged from 1982 onwards between GenBank and the
Nucleotide Sequence Data Library hosted at the European Molecular
Biology Laboratory (EMBL), and later (1987) between these and the
DNA Data Bank of Japan. This tripartite alliance later became formalised
as the International Nucleotide Sequence Database Collaboration. They
divided up the laborious tasks of going through the literature and extract-
ing and annotating sequences between themselves. Furthermore, to get
around existing compatibility problems, they strove to harmonise the for-
mat that the data was recorded in.

In spite of this, and the use of supercomputers at the US Department of
Energy’s National Laboratory at Los Alamos to try to automate data pro-
cessing and annotation, the rapidly-increasing production of sequences led
to a backlog. This encouraged GenBank to streamline the process, in part
by skipping the annotation or making it more cursory (Hilgartner, 2017,
pp. 157-161; Strasser, 2019, pp. 228-230). As annotation was meant to
be about making the data useful and “biologically meaningful”, enabling
it to be picked up and re-used by researchers using the database, this was
problematic (EMBL Director General Lennart Philipson, as quoted by
Strasser, 2019, p. 232). The EMBL, closer to bench biology than the
physicist-led GenBank (which was based at Los Alamos from 1982 to
1992), was less keen on short-cuts around or through the annotation pro-
cess (Strasser, 2019). The inadequacy of the initial algorithms designed for
annotating sequences at the EMBL led to the conscription of biology stu-
dents and clerical staff to contribute to the effort. When this also proved
insufficient, more senior biologists were cultivated, which involved

3Though, as we detail in Chap. 7, this transition does not occur so neatly for species-
specific databases targeted at particular organismal communities such as the Saccharomyces
Genome Database, or for functional annotation rather than structural annotation.
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informing them about some of the basics of the operation of the database,
as well as circulating new sequences that may have been of interest to
them. Biological researchers at the EMBL could then work with the data-
base staft to refine the sequences stored on the database—and their anno-
tations—as well as helping to improve the algorithms used in automated
annotation (Garcfa-Sancho, 2012, pp. 111-114).

From 1987 onwards, there was a strategic shift towards securing agree-
ments with journals, by which they would only publish articles including
DNA sequence data if they were accompanied with accession numbers,
indicating that they had been submitted to a publicly-accessible database
such as the DNA Data Bank of Japan, the EMBL one or GenBank. Even
though these agreements and rules were variably enforced, they succeeded
in encouraging more direct submission, especially when software tools
making data submission easier for researchers spread. Further changes in
rules and norms of submission followed in the 1990s and improvements
in the way data were submitted and accessed also occurred. There was
increasing adoption and ease of internet access, additional tools to inter-
rogate the databases were developed (such as the Basic Local Alignment
Search Tool—BLAST—sequence comparison software), additional data-
bases beyond the basic sequence ones were launched, and ongoing
improvements were made to the fundamental DNA sequence databases.

In 1992, GenBank came under the umbrella of the National Center for
Biotechnology Information, which maintains a panoply of other reference
and software resources, including the RefSeq database (Chap. 1), and
ClinVar, which is explored in Chap. 7. As we showed earlier (Chap. 4), in
1994, the EMBL database moved from Heidelberg—where the EMBL
headquarters are—to what is now known as the Wellcome Genome
Campus in Hinxton, Cambridgeshire, to form the EMBL’s European
Bioinformatics Institute (EBI). The Wellcome Genome Campus is also
where the Sanger Institute is based, a co-location of significance to the
story of the development of annotation infrastructures, and the specific
examples of annotation we detail in the following section.

For now, the relationship between the Sanger Institute and the EBI is
pertinent, because of the role of these institutions in the creation of means
by which the data in well-stocked nucleotide databases could be brought
together and presented in a useable form for researchers. These resources,
the database system AceDB and the genome browser Ensembl, were
forged in the exigencies of reference genome sequencing: of the nematode
worm Caenorbabditis elegans and the human, respectively.



6 MAKING REFERENCE GENOMES USEFUL: ANNOTATION 213

AceDB, which stands for ‘A C. elegans Data Base’, was originally founded
in 1989 by Jean Thierry-Mieg and Richard Durbin. The former was a
Centre National de la Recherche Scientifique (CNRS) researcher in France,
and Durbin was in a spell at Stanford University in-between doctoral and
postdoctoral work based at the Laboratory of Molecular Biology in
Cambridge; he moved to the Sanger Institute in 1992 and stayed there full-
time until 2017. As it developed, AceDB allowed users to access and relate
different kinds of representations of the genome of C. ¢/egans in an internet
browser, to move between representations of the DNA sequence, and the
genetic linkage and physical maps. In her historical investigation of C. ele-
gons genomics and the nature of the AceDB enterprise, Soraya de
Chadarevian has highlighted the infrastructuring work that is required to
make maps—that have been produced in very different ways and constitute
distinct representations—commensurable in databases and visualisations
generated using them. The production of new kinds of maps, including the
full genome sequence, was driven by specific concrete demands (e.g. of par-
ticular communities) that were often independent of those that drove the
construction of preceding maps. In making different kinds of maps interop-
erable through this work of commensuration, the specificities of the objec-
tives, communities, practices and historical trajectories involved in forming
these resources are flattened (de Chadarevian, 2004). This cases visualisation
and navigation by users, but at the cost of abstracting the underlying speci-
ficities and lineages. As we show below, this double-edged sword—of easing
inter-operability at the expense of flattening specificities—persisted in other
infrastructures produced at the Wellcome Genome Campus.*

In 1999, the same institution at which AceDB was developed—the
Sanger Institute—collaborated with the EBI to launch a key platform to
accelerate the IHGSC human reference sequence effort: Ensembl. The
Ensembl team devised a pipeline to help assemble the reference sequence

*The adoption of the map-based approach for human genomics was due to the success of
the whole-genome sequencing of C. elegans using a prior physical map. Maps have histori-
cally informed sequencing, and small-scale sequencing was often a key part of genome map-
ping. Genomics research is also inextricably entangled across species, with practices, resources
and tools developed by communities working on one species regularly used and adapted for
different species (de Chadarevian, 2004; Lowe, 2022; Stevens, 2013, Ch. 7). All this involves
the construction of infrastructures to enable commensurability, or at least interoperability
across different representations and resources. Star and Bowker (2002) is a foundational text
concerning infrastructuring, while Baker and Millerand (2010) examine infrastructuring
concerning data in the life sciences. For examinations of analogous trade-offs involved in the
creation and mobilisation of data itself, see Leonelli (2016); Leonelli and Tempini (2020).
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and present it online through a genome browser.> The Ensembl browser
presents an abstracted view of any part of the genome one chooses to
zoom-in to. It offers a variety of ‘tracks’ representing different annotated
features of the genome that can be selected and lined up alongside the
reference nucleotide sequence, which is itself arrayed horizontally (Fig.
6.1). Ensembl does not only generate these visualisations but, for verte-
brate species, also produces the annotations that are included in them,
through its own automated annotation pipelines. It augments this with
downloaded annotation data for other key non-vertebrate species.
Ensembl, therefore, exhibits the clear will in the late-1990s to automate
the annotation process and to bring it ‘in-house’ into the small number of
institutions producing sequence data.

The manual annotation of select species was conducted by the Human
And Vertebrate Analysis and Annotation group (HAVANA) at the Sanger
Institute. HAVANA had its origins in the Human Sequence Analysis team
led by Tim Hubbard within “Team 71’, the Informatics division that was
led by Durbin at the Sanger Institute. The Sanger Institute component of
Ensembl led by Michele Clamp was also part of Hubbard’s team. Jennifer
Ashurst (later Harrow) joined this team in April 2000 and led a distinct
HAVANA group within the team from 2002. At the time she joined, there
were two people working on manual annotation. However, it became
apparent that Ensembl’s automated annotation generated too many false
positives due to the quality of sequence data then available to them.® It did
predict approximately 70% of human genes accurately, good enough for a
rough-and-ready annotation of the draft genome, but not of the required
quality for biomedical research or diagnostic purposes. To improve the
quality of the annotation, manual annotation was required that would
make use of data coming in from the automated pipelines, but also involve
curatorial decisions based on biological knowledge.”

> Other key general genome browsers include the UCSC Genome Browser hosted by the
University of California Santa Cruz and Genome Data Viewer hosted by the NCBI. There
are also more specialist species or taxon-specific browsers, such as the Saccharomyces Genome
Database.

¢This was despite it being expressly designed to produce gene predictions of high specific-
ity at the cost of high sensitivity, in other words, to try to avoid false positives even if that
meant missing true positives. This is a reflection of how difficult it was to generate effective
automated procedures, and from early on the Ensembl team recognised that subsequent
manual curation—and evaluation and refinement of the gene structures that were the out-
puts of automated annotation—was vital (Birney, Andrews, ct al., 2004).

7 Jennifer Harrow, interview conducted in Cambridge by James Lowe, October 2017.
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HAVANA developed the curated Vertebrate Genome Annotation
(VEGA) database and browser, which was built on Ensembl. VEGA was
operational for human manual annotations from 2002, and mouse and
zebrafish from 2003.% The browser was curated using both manual anno-
tations conducted by the HAVANA group itself (such as for human chro-
mosome 20) and by other groups and institutions (such as Ian Dunham’s
for human chromosome 22, and Genoscope and the CNRS for human
chromosome 14). From early on, this annotation and curation work was
accompanied by the development of protocols for manual annotation. At
two ‘Human Annotation Workshops’ (HAWKI and HAWK2) hosted by
HAVANA in March and September 2002, participants from multiple insti-
tutions involved in manual genome annotation discussed possible stan-
dards and guidelines. A test sequence was annotated using different
manual and automated methods at HAWKI, and the results of this were
compared.” These workshops formed the basis for the manual annotation
standards used in VEGA and were intended to aid commensurability
across other resources and genome browsers developed at the NCBI and
University of California Santa Cruz (see note 5). The Otter manual anno-
tation system that was developed for HAVANA by Ensembl and used in
VEGA was designed in accordance with the standards formulated in the
HAWK workshops (Searle et al., 2004).

From 2014 to 2017, Ensembl became solely part of the EBI. HAVANA
became part of Ensembl at the EBI in 2017. By then, HAVANA had
branched out to work directly with some species communities on manual
annotation; the pig was one of these, as we see later in this chapter.

6.2  ANNOTATING THE YEAST, HUMAN
AND P16 GENOMES

When we consider the annotation process across the main three species we
look at, we find that the nature of it depended on: the generation and use
of existing genomic resources such as maps and genome libraries; the exis-
tence of data such as that on Expressed Sequence Tags (ESTs), comple-
mentary DNA (cDNA) sequences, RNA sequences, and protein sequences;
the nature of the inferential apparatus available for intra-specific and

8Sequencing the reference genome of zebrafish (Danio rerio), a model organism, was an
initiative begun at the Sanger Institute in 2001.

https://web.archive.org/web,/20020825133038 /http: / /www.sanger.ac.uk/HGP /
havana/hawk.shtml (last accessed 18th December 2022).
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inter-specific data analysis; the kind of community and actors involved and
their interests; and the mode of organisation of genomic projects. The
available data sources and inferences were marshalled to find and elucidate
the fine structure of genes and other elements of the genome. A closer
look at the specifics of annotation practices across these three different
species allows us to complicate the relationships between automated and
manual processes, as well as between structural and functional annotation.
Four basic models of annotation were identified by bioinformatician
Lincoln Stein in an article published in the summer of 2001 (Stein, 2001).
He associated these models with particular stages of the annotation pro-
cess, in terms of its increasing complexity and recontextualisation through
forming connections to other kinds of biological data and knowledge.
Two of his terms—tfactory and cottage industry—are familiar from earlier
debates concerning the proper organisation of genomics (Chaps. 2 and 3).
We have interpreted his designations in the scheme displayed in Fig. 6.2.
Stein’s scheme, as interpreted, highlights the importance of the estab-
lishment of mechanisms by which existing datasets and resources can be
accessed and used in annotation, as well as the significance of the role of
annotation itself in enabling the creation of new links to other datasets and
standard references, such as the Gene Ontology. This enables the

Increasing complexity of annotation and its connection to other forms of biological data

| .
Ll
Nucleotide (where?)  Protein (what?) Process (how?)
stage/level Identifying known markers,  |dentifying, naming and Relating annotated data (e.g. of
of annotation landmarks, open reading  classifying proteins; using genes) to biological processes, for
frames, regulatory regions  external data to predict instance by linking to entries in
and repetitive sequences. probable function. the Gene Ontology.
Museum
Factory Systematic professional  Cottage industry
Use of automated pipelines, e.g. Ensembl curation and correction of Distributed curation
annotation models produced by researchers.
Annotation by factory model.
model
Party (jamboree)
Intensive community annotation event in which biologists and bioir ician:
collaborate to annotate key regions of research interest.
|-
Ll
More structural and automated More functional and manual

Fig. 6.2 Diagrammatic depiction of models of annotation and how they relate to
different stages or levels of annotation. (Produced by both authors, based on
Stein, 2001)
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decontextualised reference sequence to be progressively connected to
other forms of biological data and therefore recontextualised.!® This pro-
cess makes use of software and algorithms to search external databases.
Crucially, it also uses maps and libraries employed in the construction of
the reference genome to initially annotate the sequence. This seeds further
annotation by providing reference points to aid the searching of external
data, and also aids the later contextualisation of the annotated data. Stein’s
conception, while consisting of stages, does break down firm distinctions
between manual and automated annotation, and also structural and func-
tional annotation, as entanglements of each are implicated in any one
point. Key here is that the weights of the different modes (automated/
manual; structural /functional) change as the annotation process proceeds.
The schematic we have drawn from Stein is a useful overview of the gen-
eral trends in the annotation process, and it constitutes a helpful reference
point with which to consider examples that depart from the sequential and
separable stages implied by it. For instance, we may observe that the main
genome browsers such as Ensembl moved towards a hybrid factory-
museum model (Loveland et al., 2012).

Quite apart from the particular manifestations of sequencing, and the
extent to which they may depart from Stein’s ideal types, the ways in
which particular communities and genomic endeavours undertake annota-
tion is constrained by multiple factors. These include the histories, motives
and resources of particular communities of genomicists. Furthermore,
groups such as HAVANA developed forms of community annotation, in
which they acted as facilitators—rather than the sole conductors—of the
annotation process. As we detail below, these forms of community annota-
tion involved the creation of software tools such as Otterlace /Zmap for
manual annotation on the cottage industry model, and also more direct
interactions with research communities, such as the one that had been
working on pig genetics and genomics (Loveland et al., 2012).

6.2.1 Yeast Genome Annotation

For yeast genome sequencing, as previously noted, one finds a community
of geneticists, cell biologists, biochemists and molecular biologists, often
dedicated to working with standardised strains of Saccharomyces cevevisine.

10Stein makes explicit mention of the entries in the Gene Ontology; such data resources
also involve processes of annotation, albeit featuring different models and kinds of curatorial
roles; see Leonelli (2016).
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The ease of working on this unicellular eukaryote was what made it a
model organism, and this engendered the virtuous cycle by which the
existing weight of scientific capital—in the form of mounting knowledge,
resources, tools, and mechanisms of dissemination and sharing—justified
new investment in its further augmentation. When the perception began
to grow that “[t]he yeast genome was becoming overstudied, and yet...,
largely unexplored!”—that different research groups were working on the
same genes while much of the genome was terra incognita—multiple lab-
oratories across Europe, Japan, Canada and the USA rallied to participate
in an unprecedented collaboration to sequence the first full eukaryotic
genome (Dujon, 1996, p. 263; Chap. 2).

The structural annotation of the yeast genome reflected the hierarchi-
cal, top-down and distributed approach of the sequencing effort in
Europe. Within the initiative funded by the European Commission, the
centralised bioinformatics function located at the Martinsried Institute for
Protein Sequences (MIPS) was married with the specific expertise of the
laboratories performing sequencing, and seeking to make use of the data
so generated.

MIPS, on assuring the quality of the sequences it received and assem-
bling contiguous tracts of sequence (contigs) on the basis of them,
screened the data for ORFs by identifying stretches of minimum numbers
of nucleotides (from about 50 to 300, a lower number risking more false
positives and a higher one more false negatives) with no stop codon. They
also sought contigs with sizes below the threshold by searching for
sequences that were homologous (showed sufficient similarity) to known
protein sequences, based on the knowledge of the genetic code and pro-
cesses of transcription and translation. Already, this analysis relied upon
existing experimental knowledge of this well-studied organism, as well as
the prior delineation of protein sequences and elucidation of their func-
tions. Using sequence homologies, the MIPS team was able to classify the
OREFs in terms of their putative functions (Mewes et al., 1998). Once the
data had been passed on to the sequencing laboratories, the initial identi-
fication of the ORFs could be built on with a deeper analysis of these
sequences. This was done either using existing biological data or materials
(for example, concerning centromeric and telomeric DNA, tRNA and Ty
elements for chromosome II) or by performing a variety of experiments to
characterise their functional role. Following the conclusion of the
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reference genome sequencing, such experiments were organised and con-
ducted in a concerted way in a successor project on functional analysis and
annotation called EUROFAN, which is discussed in Chap. 7. Due to the
limitations of homology analysis, with about 40% of putative genes
being “orphans” either having no discovered homologues or homologues
with no known function, such functional analysis would also enable the
verification of the structural annotation.

Once the presumed coding regions were separated from the non-
coding, the non-coding regions could be further analysed to detect
sequence motifs (including promoter regions of genes) and other features
such as transposable elements (Ty elements). Many of these non-coding
elements were of interest to participants in the network, who could use the
genomic data that they generated—and MIPS processed—to further their
research. For example, Horst Feldmann at Ludwig-Maximilian University
of Munich was particularly interested in Ty elements (Chap. 2) and
advanced his research using the structurally annotated sequences he now
had access to. These sequences had themselves been augmented using the
data he had previously collected (Feldmann et al., 1994; Heumann et al.,
1996; Mewes et al., 1998). While the centralised parts of this process,
such as the role of MIPS, will seem analogous to some of the informatics
pipelines and groups of the IHGSC discussed in the next section, the yeast
biology laboratories played an important role in refining and developing
the initial annotations that were made by MIPS. Unlike in human refer-
ence sequencing, in which prospective users were not involved in the pro-
cesses of data production, in the yeast genome effort there was a set of
users incorporated in those processes (Garcia-Sancho, Lowe, et al., 2022).

The completion of the sequencing and sequence analysis of the differ-
ent chromosomes at different times enabled innovations developed for
one chromosome to be taken up by groups working on other parts of the
yeast genome. For example, the methods that vyeast geneti-
cist Bernard Dujon developed for the evaluation of ORFs to identify which
ones were indeed “functional genes” in the chromosome XI paper pub-
lished in June 1994 were then used in the chromosome VIII paper pub-
lished in September that year (Dujon et al., 1994). Chromosome XI was
Europe-led, while VIII was coordinated from Washington University by
Mark Johnston. While they exhibited different organisational models, as
we saw in Chap. 2, there was enough of a connection for each to build on
the advances of the other.
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Washington University’s model of annotation was also different,
though in practice they used searches of public nucleotide and protein
databases to identify cross-species homologies with known genes and pro-
tein sequences, as well as examining other elements such as tRNAs, much
as MIPS did. For assembly and annotation, they (along with some
European-led groups) used a version of AceDB: AScDB, with ‘Sc’ stand-
ing for §. cerevisine rather than the ‘ce’ of C. elegans. AScDB had been
specially adapted for yeast by Richard Durbin, young EMBL bioinformati-
cian Erik Sonnhammer and LaDeana Hillier, the director of informatics at
the Washington University Genome Sequencing Center (Johnston et al.,
1994). Hillier collaborated closely with Johnston, and also worked on
C. elegans and human genomics. With the benefit of a comparative per-
spective gained from interaction with the yeast, human and C. elegans
efforts, she observed that a significant problem with “smaller numbers of
groups doing the sequencing” was that “user education” could be “an
issue”. However, for “yeast the user education was taken care of because
the sequencing was done at so many different places that everybody [...]
understood the limits of the data” (Hillier, 2012, p. 7).

Dujon and Johnston gave assistance to the chromosome I team
that mainly operated at McGill University. They were the next to pub-
lish—in April 1995—with Dujon helping with sequence analysis and
Johnston providing the chromosome VIII sequence, which enabled some
genome duplications to be identified. Later papers indicate a continuation
of this cooperation around sequence analysis. These publications docu-
ment a refinement of the processes, datasets and software used from the
early published chromosomes onwards (Bussey et al., 1995; see also
Galibert et al., 1996). This stands in contrast to the development of novel
tools and the infrastructural transformations associated with human
genome annotation or the adaptation of established infrastructures and
processes to the particular demands of pig genomics.

For the Europe-led sub-projects, MIPS continued its role in sequence
analysis. It did not see its task as restricted to identifying individual
genomic elements, but also as aiding the global characterisation of the
genome, by using their initial structural annotation to partition the
genome into units. As a consequence, sequence comparisons could be
made between these units, in order to identify gene duplications to aid
future functional analysis and provide data that could be used in tracking
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the evolution of the S. cerevisine genome. These twin approaches of target-
ing function and diversity that arose out of the initial work to structurally
characterise the genome form an important part of the narrative of
Chap. 7.

For the purposes of sequencing and annotation, yeast had clear advan-
tages over the bulkier organisms that we consider next: humans and pigs.
The yeast genome is considerably smaller in size, but also more economi-
cal, in that it contains comparatively little non-coding DNA and complex
gene structures, compared with multicellular eukaryotes. As a model
organism, it also had a panoply of available experimental evidence that
could be used and built on to inform both automated and manual
approaches to annotation. Additionally, the range and extent of functional
analysis conducted by the yeast genomics community that we discuss in
Chap. 7 was not possible for human and pig. This meant that distinct
strategies for annotation needed to be developed for these species. For the
human genome, this involved making use of the abundant ESTs and pro-
tein sequence data that had been gathered, the creation of automated and
manual sequencing pipelines, and advancing the means with which to con-
duct analyses of homology by harnessing and further developing compara-
tive genomic approaches.

6.2.2 Human Genome Annotation

In the three major papers describing the sequence of the entire human
genome (authored by the IHGSC in 2001 and 2004, and by Celera in
2001), only the Celera paper includes details of the annotation process.
For the IHGSC, the details of annotation are dealt with only in the subse-
quent individual papers describing the sequence of each chromosome.
This reflects, we suggest, the IHGSC primary concern of getting assem-
bled sequence out in the public domain to prevent its enclosure by some
form of intellectual property. On the part of Celera, the inclusion of infor-
mation about annotation evinces their commercial strategy of building the
foundations for the exploitation of the genome for biomedical purposes.
Even though they described aspects of their annotation process, users
would still have to pay to access Celera’s full annotated sequence. In this
way, Celera sought to make itself an obligatory passage point for those
seeking the richly-annotated data that they produced.
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The first chromosome that the IHGSC sequenced was chromosome
22, by a team led by Ian Dunham at the Sanger Institute. The paper
announcing this appeared in December 1999, before Ensembl and
HAVANA were up and running. Tim Hubbard’s sequence analysis team
were involved, though, and they integrated existing data on nucleotides
and protein sequences, using similarity searches (through programmes
implementing the ‘BLAST’ algorithm developed at the NIH by Gene
Myers and colleagues) and prediction programmes (Dunham et al., 1999).
Like the annotation of subsequent chromosomes, an early stage was iden-
tifying repetitive sequences and ‘masking’ them. This meant filtering them
from view so that they were not incorporated in automated analyses of the
sequence data. To do this, the annotators used ‘RepeatMasker’, a piece
of software developed and (then) hosted by the Genome Sequencing
Center at Washington University. The remaining unmasked sequence was
then analysed for the presence of various genomic features, such as spot-
ting areas of the genome with a relatively high proportion of guanine and
cytosine bases in order to discern the presence and location of CpG islands,
in which cytosine is next to guanine. These are frequently located in the
promoter regions of genes and are therefore a good indicator of the pres-
ence of genes.

At this point, the automated aspects of searches and the use of predic-
tion programmes were interweaved with manual approaches. In large part,
this was because of the calibration and verification required for each
method, and the overall need to evaluate and refine the annotation pro-
cess. A re-evaluation of the chromosome 22 annotation in 2003 re-
affirmed the value of combining automated prediction, sequence similarity
and comparative methods in annotation, but observed that the optimum
configuration of them with respect to each other had not yet been found.
Furthermore, at this time the ideal comparator species for similarity analy-
sis was unclear. The authors acknowledged that while annotation processes
would be improved, at that point automated approaches had significant
limitations. As well as refining data categories and making use of new
sources of data (e.g. new human ESTs and various kinds of data on related
species), overcoming these limitations would involve manual analysis and
experimentation (Collins et al., 2003).

The only other chromosome sequence published before the announce-
ment of the completed draft of the whole genome in February 2001 was
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for chromosome 21, conducted by a consortium led by RIKEN (Rikagaku
Kenkytjo, the Institute of Physical and Chemical Research) in Japan.!!
This team also conducted gene predictions and sequence similarity
searches. They additionally defined criteria by which putative gene classifi-
cations were assigned to one of five categories, depending on the strength
of the evidence for them being protein-coding genes. They, therefore,
placed the discernment of functional elements of the genome such as
protein-coding genes at the heart of their annotation effort, an orientation
appropriate to the biomedical interests of many of the institutions that
worked on chromosome 21. That emphasis—and the function-centred
annotation—motivated and aided the paper’s substantial analysis of the
medical implications of their results (Hattori et al., 2000).

The biomedical interests of RIKEN’s collaborators were the exception
rather than the rule for most institutions involved in sequencing subse-
quent chromosomes within the IHGSC effort. This was reflected in the
way that the sequence data was analysed in the publications announcing
their completion. Advances in the analysis of sequence data were heralded,
but in so doing, the potential biomedical users of the data were a second-
ary concern. As we now detail, these analytical advances constituted refine-
ments and additions that augmented the annotation pipelines for each
successive chromosome. The augmentations that these specialist genomi-
cists introduced were directed towards improving the capabilities of
genomics gua genomics, as an enterprise in itself with its own internal
goals and motivations. They sought to improve their assemblies and anno-
tations according to internal generic metrics of quality, contiguity and
coverage, guided by an overall ideal of completeness. In other words, they
did not primarily shape the annotation process and its products in such a
way as to fulfil the requirements of any specific external community or set
of users.

The first chromosome sequence published after the announcement of
the draft whole sequence was chromosome 20 in December 2001; after

' Other members of the consortium were: Keio University School of Medicine in Japan
and from Germany the Max Planck Institute for Molecular Genetics in Berlin, Institute for
Molecular Biotechnology in Jena, and German Research Centre for Biotechnology in
Braunschweig. Collaborating institutions were the National Cancer Center Research
Institute and University of Tokyo (both Japan), UMR 8602 CNRS at UFR Necker Enfants-
Malades and CNRS UPR 1142 at the Institute of Biology (both France), Eleanor Roosevelt
Institute (USA), University of Geneva Medical School (Switzerland) and School of Pharmacy,
University of London (UK): Hattori et al. (2000).
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this, there was a gap in 2002 before a flurry were published across 2003 to
2006."? What did the progressive accretion of methods and sources of data
consist of, across the five years since the completion of chromosome 20?

The chromosome 20 paper, signed only by authors from the Sanger
Institute, was the first to use the Ensembl database in the analysis of the
sequence; this sequence was, though, still assembled and visualised in
AceDB. The genomicists were able to make use of sequence data from two
vertebrates (the mouse Mus musculus and the pufterfish Tetraodon nigro-
viridis) in their comparative analyses rather than merely the mouse maps
that the previous chromosomes had relied on (Deloukas et al., 2001).

For chromosome 14 (February 2003), a two-step annotation approach
was employed by the collaboration between Genoscope, the Institute of
Systems Biology in Seattle and the Washington University Genome
Sequencing Center. In this, automated methods using computational pre-
dictions to formulate provisional models of the structure of genes, were
refined by sequence similarity analysis. This was complemented by experi-
mental data on gene expression using microarrays, a tool containing
potentially many thousands of DNA probes that can indicate the presence
or absence of specific complementary sequences. In the “manual cura-
tion” that followed, the genomicists used additional data to refine the
gene models produced in the first stage and remove “suspicious data”
such as partial matches that were not found to contain any significant cod-
ing sequences (Heilig et al., 2003, p. 607).

Washington University Genome Sequencing Center was also heavily
involved in the completion of chromosome 7 (July 2003), as well as the Y
chromosome (June 2003). These featured a significant focus on methods
for the identification of pseudogenes, including K, /K analysis to identify
the kind and extent of selection operating on putative pseudogenes and
known genes. In this type of analysis, the scientists generated recon-
structed ancestral sequences to detect signatures of neutral evolution (and
therefore an absence of positive or purifying selection) which would indi-
cate the presence of a pseudogene. They then checked these inferences

2Chromosome numbers were assigned according to the observed size of the chromo-
somes in karyotypes. Generally speaking, this is reflected in their length, with the longest
nuclear chromosome being 1, the second-longest being 2, and so forth. There are some
exceptions at the shorter end: 21 is longer than 22, and 20 is longer than 19, for instance. It
is easy to see why, therefore, the higher-numbered (and therefore shorter) chromosomes
tended to be sequenced earlier, and the lower-numbered ones tended to be sequenced later
(1 was the last to be published), though this was only a general trend.
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using the available mouse sequence data (Skaletsky et al., 2003; Hillier
ctal., 2003).13

Like chromosome 20, the paper heralding the completion of chromo-
some 6 (in October 2003) was wholly authored by people at the Sanger
Institute. Since 2001, there had been considerable developments in their
annotation process. Ensembl was now more refined, and the HAVANA
team was established and embarking on their extensive manual annota-
tion. VEGA was now up and running and hosting the annotated sequence
data. Built into the heart of Ensembl’s automated annotated process were
two sequence-matching tools: GeneWise for exploiting protein sequence
data and Genomewise for using EST and ¢cDNA data indicative of the
presence of transcribed genes (Curwen et al., 2004; Birney, Clamp and
Durbin, 2004). In its design, the Ensembl pipeline had been configured
to integrate and more effectively deploy existing annotation methods. In
addition, it was now able to make use of sequence data on the rat (Rattus
norvegicus, an animal model), another puftferfish ( Fugu rubripes, with a far
more economical genome than other vertebrates) and zebrafish (Danio
rerioy a model organism) as well as the mouse and Tetraodon nigrovividis.
Using the protocols and standards forged in the HAWK meetings in 2002,
the HAVANA group manually curated the gene structures generated
through the Ensembl pipeline. Given their later role in facilitating com-
munity annotation of immune response genes in the pig, it is appropriate
that HAVANA’s first formal role in human genomics concerned chromo-
some 6, which contains the Major Histocompatibility Complex implicated
in immune response.

13The theory behind this approach is that compared with a reconstruction of the ancestral
version of the gene, a functional gene will exhibit ez#her a high ratio of nonsynonymous sub-
stitutions to synonymous substitutions—reflecting positive (directional) selection—or it will
show a low ratio resulting from stabilising selection. Synonymous substitutions mean that
observed mutations—when compared with the ancestral version of the gene—will result in
no change in the amino acid that is specified by the codon (the triplet of bases read during
DNA transcription); there will therefore be no change in the function of any gene products
as a result of such substitutions. A gene that has undergone positive selection has had its
sequence altered in a manner that increases the fitness of its holders. Stabilising selection, by
contrast, ensures that the sequence does not change—as changes would be disadvantageous
to the organism. These evolutionary mechanisms can therefore be identified using this analy-
sis. Pseudogenes can also be detected. They should exhibit a ratio of about 1, indicating that
there has been no selection either way. This absence of selection is expected for non-
functional parts of the genome such as pseudogenes.
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We will return shortly to the annotation of the remaining chromo-
somes, focusing on the development of Ensembl and HAVANA at the
Sanger Institute. For now, with the expansion of the number of creatures
for which informative sequence data was available in mind, we make a brief
excursion into the development of comparative genomic resources and
approaches.

As we noted in earlier chapters, a comparative genomic perspective was
present in genomics from its inception. Genome sequencing projects on
other species were used as pilots to aid the planning of the Human Genome
Project. Furthermore, the map and sequence data of those other spe-
cies were used to help construct human genome maps and sequences, by
applying knowledge about comparative regions between the species.
Finally, it was also envisaged that establishing a rich understanding of
comparative connections between human and non-human genomes
would enable the more fruitful exploitation of the human resource. In one
respect, this was because experimental interventions on organisms such as
yeast and animal models could then be connected to and inform human
biology through genomic and other omics data. In another respect, this
was because of the mooted contribution of data on other species towards
enriching the annotation of the human genome.

To aid human genome annotation in this way, in December 2003, the
Large-Scale Sequencing Program of the US National Human Genome
Research Institute (NHGRI) established two Working Groups: one on
‘Annotating the Human Genome’ chaired by Robert Waterston and the
other on ‘Comparative Genome Evolution’ chaired by Laura Landweber
and John Gerhart. Both groups were tasked with identifying what new
sequencing could be conducted in large-scale sequencing centres to advance
human genome annotation and functional analysis. The Comparative
Genome Evolution group also had to identify which organisms to sequence
to shed new light on human evolution and genome evolution across eukary-
otes in general. Each of the groups identified three components of research,
a range of organisms and appropriate sequencing strategies (including cov-
erage to be obtained) to contribute to these components, and indicated
percentages of total sequencing capacity to be allotted to each task.

The Annotation Working Group recommended that 15 non-primate
mammalian genomes be shotgun sequenced at relatively low coverage in
two successive sets (known as ‘Bins’). They further indicated that other
genome efforts already in progress, including for non-mammals such as
the chicken, should proceed further so that complete high-quality sequences
be produced to aid the identification of conserved sequences across
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mammals. The second component suggested by the Annotation Working
Group was the high-quality sequencing of two primate genomes and rela-
tively high-coverage shotgun sequencing of three others, to enable differ-
ences to be identified between these and the human genome. The third
component was a recommendation to survey human genomic variation by
sequencing 1000 people at very low coverage. The group additionally sug-
gested that “a modest cDNA effort be included as a component of all
genomic sequencing projects” to aid assembly and gene prediction. !

The Comparative Genome Evolution working group’s recommenda-
tions ranged more deeply and widely across the tree of life, further extend-
ing the selection criterion employed by the Annotation Group by which
some species would be preferentially sequenced due to representing key
phylogenetic positions. Both groups also deployed other criteria to rec-
ommend particular organisms as candidates for sequencing, including the
quality of the submissions (‘white papers’) sent in by the relevant com-
munities; the role of the organism as a model; its potential biomedical
significance; its economic importance; the possibility that a genome
sequence for it would enable the construction of reference sequences for
closely-related organisms of biological significance and the size and het-
erogeneity of the genome.!®

A Coordinating Committee (chaired by William Gelbart) then evalu-
ated the proposals, presenting a modified set of recommendations to the
NHGRDI’s Advisory Council for approval in May 2004.'¢ We consider this
further in the following chapter when addressing different aspects of post-
reference genome work on the human. For now, it is pertinent to note
that in the documented assessment of species proposals by the Working
Group on Comparative Genome Evolution, their conception of the com-
munities working on these organisms and submitting white papers to the
NHGRI was very much as groups of users. The evaluations that the
NHGRI made of the white papers were based on the readiness of these

4“New Sequencing Targets for Genomic Sequencing: Recommendations by the
Coordinating Committee”, part of the documents for the Meeting of the NHGRI Research
Network for Large-scale Sequencing and the NHGRI Sequencing Advisory Panel, May 16,
2004 (NHGRI History Archive 7036-021).

1*The community of pig genomicists submitted one of these white papers (Chap. 5).

10“New Sequencing Targets for Genomic Sequencing: Recommendations by the
Coordinating Committee”, part of the documents for the Meeting of the NHGRI Research
Network for Large-scale Sequencing and the NHGRI Sequencing Advisory Panel, May 16,
2004 (NHGRI History Archive 7036-021).
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communities for receiving the genome. Their role was envisaged as devel-
opers of proposals for the NHGRI to judge, and as groups that needed to
corral the appropriate resources to make use of what the NHGRI would
end up providing for them.!” New rescarch goals were added for subse-
quent rounds of sequencing additional species, such as identifying the
mammalian “core genome”. The increasing apparatus and empirical basis
of comparative analysis guided the number and selection of sequencing
targets and the methods deployed on them.!®

Returning to the annotation of the individual chromosomes, the
remaining ones that the Sanger Institute was involved with were: 13, 9,
10, X, 17 and 1. For chromosome 13, published in April 2004, the avail-
ability of a new database for non-coding RNAs, Rfam, advanced the anno-
tation of these, which had been deemed extremely tricky as recently as in
the chromosome 6 paper published in October 2003. For chromosome
13, modifications had been made to the Ensembl pipeline to aid manual
curation. With the chromosome 9 paper, published in May 2004, there
was a special focus on duplications of segments of the chromosome, which
were assessed using Ki/Kg analysis (see note 13). Having previously
mapped Single Nucleotide Polymorphisms (single base changes; SNDs)
against their sequence using data from the dbSNP database, for chromo-
some 9 the genomicists identified their own bank of SNPs by analysing the
sequence data from overlapping portions of DNA fragments (clones). In
May 2004’s chromosome 10 paper, the authors continued their identifica-
tion of SNPs and extended this focus at the single nucleotide level by
comparing 617,071 single nucleotide sequence differences between
human and chimpanzee, conducting K,/Ks analysis on the results to
ascertain the presence of sites of selection. From this paper on, there was
an increasing focus on annotating alternative splice variants, which result
from transcription processes that generate multiple different messenger
RNA sequences from a single gene.

In the X chromosome paper published in March 2005, there was a
particular focus on the evolution of the X chromosome and comparisons
were made between it and the Y chromosome. The chicken ( Gallus gallus)
genome assembly was used for this analysis in addition to previously men-
tioned comparator species, many of which now had newer versions of their

17«“Report of the Annotation of the Human Genome Working Group”, dated January 3,
2005 (NHGRI History Archive 7039-005).

8E.g., https://www.genome.gov,/Pages/Research /Sequencing/SeqProposals/2x-7x_
promotion_seq.pdf (last accessed 18th December 2022).
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assemblies that were used. For the April 2006 paper on chromosome 17,
human sequencing was conducted at the Broad Institute; the Sanger
Institute’s role focused more on the sequencing of mouse chromosome
11 as part of the Mouse Genome Sequencing Project.’ The paper was
mostly dedicated to a comparative analysis of the two chromosomes and a
reconstructed ancestral chromosome, with the authors focusing on an
assessment of the different changes to the chromosomes that occurred in
the distinct evolutionary lineages.

The final chromosome to be published, in May 2006, was 1. In the
paper, the genomicists aligned the chromosomal sequence to the now-
standard array of comparator species (minus the chicken) to identify
regions of evolutionary conservation. This paper also represented a culmi-
nation of the increasing focus on SNPs from 2004 onwards. These
SNPs were used to identify and map genomic diversity within species,
identify recombination at a higher resolution than previously possible,
detect signals of selection, and as a resource to augment the utility of the
reference genome (Dunham et al., 2004; Humphray et al., 2004; Deloukas
ct al., 2004; Ross et al., 2005; Zody ct al., 2006; Gregory ct al., 2006).2°
The comparative approaches and cataloguing of diversity were conducted
to ease the process of developing genomic resources, by feeding into and
augmenting the pipelines of the IHGSC participants. The intended use of
the resources so produced, however, was generic rather than tailored to
specific user communities.

Compared to the IHGSC effort discussed above, Celera’s approach was
quite distinct, giving potential communities of users of genomic data a
more active and participatory role than in the IHGSC and NHGRI’s
annotation strategies. As noted above, Celera’s 2001 paper discussed
annotation far more than the contemporary IHGSC one. It was an auto-
mated annotation that it chronicled, though, in a discussion of their Otto
gene prediction system. This software was designed to weigh different
forms of data constituting evidence for particular annotations, namely
cDNAs and ESTs. The weighting was based on Celera’s previous

YThe Broad Institute was opened in 2004, the result of collaboration between the
Whitehead Institute, Harvard University and hospitals affiliated with Harvard.

20The other chromosomes were handled by the Stanford Human Genome Center and the
US Department of Energy (19, 5, 16), Washington University (2 and 4), the Broad Institute
(18, 8,15, 11, 17; 18 with RIKEN, 11 primarily RIKEN with the Broad Institute, and 17
with the Sanger Institute), and Baylor College of Medicine (12 and 3; 3 with BGI, formerly
known as the Beijing Genomics Institute).
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experience of the manual annotation of the Drosophila genome. This
approach therefore reaffirmed and reflected the process of genomic dis-
covery promoted by Venter in the early-1990s, especially the crucial
importance it conferred to protein-coding regions of the genome, as
revealed by EST and cDNA sequence data. While the paper reported some
computational validation of Otto’s results, it acknowledged that the
“[e]xtensive manual annotation to establish precise characterization of
gene structure” that was still deemed necessary lay in the future (Venter
etal., 2001, p. 1317).

As their automated annotation took inspiration from prior work on
Drosophila, so did their manual annotation, by using the jamboree model.
Drosophila genomics was not the only inspiration, however. A challenge
that Celera faced was the absence of information about the means and
decision-making procedures by which the public project’s annotations
were made. Therefore, to develop their own annotation capabilities, they
needed to obtain institutional knowledge of how the sausage was made.
To that end, they recruited Peter Li from Johns Hopkins University, who
had worked on the GDB Human Genome Database and the Online
Mendelian Inheritance in Man (OMIM) catalogue while there, and as a
result was acutely aware of the details of the annotation process. The
OMIM connection, deepened by the use of data from it in the annotation
of Celera’s gene sets, was just as significant as the model of Drosophiln
genomics to the way that Celera manually annotated the human genome.
OMIM used curators who were experts on particular diseases, with their
knowledge of the relevant genetics feeding into the published data. The
need for biological expertise to contribute towards the annotation—and
more broadly, the contextualisation of the data that Celera was generat-
ing—was keenly felt by the company. Due to its particular sequencing
strategy, it had invested considerably in computational infrastructure and
expertise for the purposes of assembly rather than in acquiring biological
knowledge. But because of the need to generate rich and translationally-
relevant data to be incorporated into proprietary databases (such as The
Celera Discovery System™), drawing on this kind of expertise was essential.

A variety of academics were therefore invited to participate in a human
annotation jamboree that took place in April 2001, two months after the
publication of the draft reference sequence. This jamboree built on the
previous one that Celera had held on the Drosophiln genome and involved
some of the OMIM curators (Garcfa-Sancho, Leng, et al., 2022). The
human genome jamboree presented an opportunity for participation on
the part of medical geneticists who had been largely uninvolved in the



6 MAKING REFERENCE GENOMES USEFUL: ANNOTATION 231

THGSC effort. They would contribute their expertise, in concert with the
computational experts at Celera, and in turn were given access to the latest
proprietary data on their area of interest, as well as the fruits of their col-
laboration with Celera. Following the publication of their sequence in
Science in 2001, Celera kept further improvements to their assembly
behind a paywall for their clients, who were primarily pharmaceutical and
biotechnology companies rather than academics. At the jamboree, though,
the academics could assess the sequence assemblies in regions on which
they had expertise, contributing information that would not just refine the
gene structures predicted by Otto, but also inform improvements to the
overall automated annotation pipeline.

The involvement with medical geneticists did not end there. A further
Chromosome 7 Annotation Project was initiated, prompted by a sugges-
tion by medical geneticist Stephen Scherer to Richard Mural, the head of
the Annotation Team at Celera. The result was a higher quality re-
sequenced chromosome 7 that better connected to biomedical and clini-
cal research due to the expertise and physical mapping data provided by
medical geneticists. This provided the medical genetics community with a
useful resource, as well as aiding Celera in its strategic reorientation
towards identitying diagnostic and therapeutic targets.?!

The ways in which genomes are improved and connected to other
forms of data are explored further in the next chapter. For now, we note
that the institutional imperatives of the IHGSC and Celera shaped the
design of their respective annotation processes. Annotation, therefore,
emerged in ways that reflected the trajectories, networks and goals of prac-
titioners; Celera was more open to the medical genetics community,
while the ITHGSC was more self-contained.

In the following section, we consider the annotation of the pig genome,
an effort in which existing pig genomicists interacted closely with teams
at different stages of the sequencing and analysis pipeline established at
the Sanger Institute. This reflected the model of interaction between
medical geneticists and Celera more than the way that annotation
unfolded within the THGSC human reference genome sequencing.
Furthermore, the relationship between the existing community of
researchers working on the pig and the Sanger Institute helped to shift

2 Peter Li, interview conducted over Skype by both authors, September 2020. See also
Kerlavage et al. (2002).
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some of the Sanger Institute’s operations towards a model closer to the
community annotation advanced by Celera.

6.2.3  Pig Genome Annotation

As it came after the sequencing of other genomes at the Sanger Institute,
by the time the pig genome was sequenced, the annotation process used
an established pipeline derived from procedures that had been deployed
and refined in previous initiatives, in particular the sequencing and anno-
tation of Homo sapiens. Like in sequencing and assembly, the pig project
adopted and used repertoires established through the experience of proj-
ects on other species, while adding distinctive twists on these.

For the sequencing itself, the community of pig genomicists through
the Swine Genome Sequencing Consortium (SGSC) had contracted with
the Sanger Institute rather than the project being initiated from within the
THGSC (Chap. 5). This contractual relationship did not, however, imply
a hands-off approach by the community; it was intimately involved in
guiding the strategic—and in some cases operational—direction of the
project. Part of this direction meant indicating to the Sanger Institute
where they should target sequencing efforts, so they could focus on par-
ticular areas associated with genes of interest to individual research groups.
This was reflective of a desire to make genome data useable as promptly as
possible. As a result, even while the sequencing was still underway the com-
munity pursued annotation, the identification of SNPs and the creation of
a SNP chip that captured agriculturally-relevant genetic variation.

We discuss the creation of the SNP chip in the following chapter. Here
we detail the annotation effort. Just over £1.1 million of funding was
secured from the UK Biotechnology and Biological Sciences Research
Council (BBSRC) for 2007-2010 by the Roslin Institute (with Alan
Archibald as Principal Investigator and Andrew Law as co-investigator),
the EBI (Ewan Birney as Principal Investigator) and the Sanger Institute
(Tim Hubbard as Principal Investigator and Jane Rogers as co-
investigator).?? These grants funded four posts, one cach in Hubbard and

2 https://gtr.ukri.org/projectsiref=BB%2FE010520%2F1# /tabOverview (last accessed
18th  December 2022);  https://gtr.ukri.org/projects:ref=BB%2FE010520%2F2#/
tabOverview  (last  accessed ~ 18th  December  2022);  https://gtr.ukri.org/
projects?ref=BB%2FE010768%2F1#/tabOverview (last accessed 18th December 2022);
https://gtr.ukri.org/project/6AB44634-8225-4645-8935-CC9977F581BD#/tabOver-
view (last accessed 18th December 2022).
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Rogers’ teams at the Sanger Institute, one in Archibald’s group at the
Roslin Institute and one supervised by Birney at the EBI. Two of these
positions (with Hubbard and Birney) were in the Ensembl teams at the
EBI and Sanger Institute. As noted above, the annotation effort began
while the sequencing itself was still being conducted. Like in human
genome sequencing, the pig genome was scanned using algorithms to
predict the presence of genomic features. Pig protein and RNA sequence
data were obtained from specific databases, and data on pig cDNA and
ESTs were also downloaded from GenBank. Many of the ¢cDNAs and
ESTs had been generated by the Animal Genome Research Program at the
National Institute of Agrobiological Sciences in Japan, and the Japan
Institute of Association for Techno-innovation in Agriculture, Forestry
and Fisheries (Groenen et al., 2012 and Supplementary Information;
Lowe, 2018). These resources were generated in part using samples from
cloned oftspring of T] Tabasco (Schook et al., 2005; Uenishi etal., 2012).2

A key feature of the automated annotation in the Swine Genome
Sequencing Project (SGSP) was the integration into the Ensembl pipe-
line of multiple forms of data already generated by the community from
prior projects. These data concerned maps, Quantitative Trait Loci, and
clones, in addition to the cDNA and ESTs mentioned above. The com-
munity provided Ensembl with these rich resources to enable the anno-
tated reference sequence to be connected with—and immediately
contextualised by—other forms of data and information produced by pig
geneticists. This enabled functional inferences to be made concerning
parts of the genome, but also inferential pathways to be constructed
between the pig genome and other porcine biological data, and also
between the pig genome and the genomes of other species. With the
means to generate comparisons with other mammalian genomes being a
key product of the grant work, this connectivity was intended to boost the
pig as a comparative model, with data and the results of experiments
intended to travel along the connections forged within the species, but
also then to be able to travel beyond the species. Crucially, this wider hori-
zon was accompanied by a desire to embrace the varied research needs of
the community of pig researchers in the annotation, through the addition
of tracks comprising other forms of data to the Ensembl browser. This was

23 This Japanese effort also used tissues from crossbred pigs derived from Landrace, Large
White and Duroc breeds, and ones from a Chinese Meishan pig, two Landrace pigs, a
Berkshire pig and a miniature pig (Uenishi et al., 2012).
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effected through Ensembl’s Distributed Annotation System, and pig
geneticists who were interested in adding these tracks for the forms of data
valuable to them were invited to contact Archibald, who was in regular
liaison with teams at the Sanger Institute and the EBL.2*

There were therefore multiple kinds of community involvement in even
the automated annotation of the pig genome. The community helped to
define the nature of the annotation, taking advantage of the clone-based
sequencing to squeeze as much use out of the products of sequencing and
assembly as possible, through integrating assembly and annotation as well
as incorporating data and resources already developed by the community
into the pipeline, or through the Distributed Annotation System. This was
particularly important, as the resource limitations of the overall genome
project entailed a trade-oft between comprehensiveness and utility, with
the community opting for a more rough-and-ready but more immediately
exploitable resource, above aspirations for completeness.

This meant that the drawbacks of automated annotation, well-
appreciated by the Ensembl team for the more refined human genome,
were even greater for the pig genome. As Jennifer Harrow reported to us,
the algorithms at the heart of Ensembl were only as good as the assemblies
they were working on, and for the pig these were incomplete and of lower
quality than for the human. Manual curation of the data by the biologically-
trained members of the HAVANA team was therefore more critical for
improving and developing the initial assemblies of the pig genome pro-
duced by the Ensembl pipeline, than it was for human or mouse.?

As with human genome sequencing, the annotated sequences produced
through the Ensembl pipeline were published in the Ensembl database,
while additional manual annotation was published on the HAVANA-led
VEGA database, built on the Ensembl database.?® HAVANA worked
closely with some of the members of the pig genomics community, such as
Christopher Tuggle at Iowa State University. James Reecy, an animal
geneticist in Tuggle’s group, spent his faculty leave (equivalent to a sab-
batical) with them from September 2007 to August 2008. Like many pig
geneticists, Reecy worked on multiple livestock species, in his case

24«PIG TALES: Newsletter of the International Swine Genome Sequencing Consortium
(SGSC) Pig Genome Sequence Project”, 2nd Quarter 2007—Volume 1 Issue 3. On the
Distributed Annotation System, see: Dowell et al. (2001).

% Jennifer Harrow, interview conducted in Cambridge by James Lowe, October 2017.

26For more on VEGA, see Harrow et al. (2014).
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primarily cattle. Reecy was interested in developing skills in manual anno-
tation and areas of programming, and HAVANA had put together the
most comprehensive approach to manual annotation in the world at the
time. He was able to pursue this because of the close interactions between
the pig genomics community and leading figures at the Sanger Institute,
which we saw in Chap. 5. During his visit, Reecy met with Jane Rogers,
Tim Hubbard and Richard Durbin, as well as Jennifer Harrow and Jane
Loveland of HAVANA, discussing what he could offer in situ at the Sanger
Institute. Aided by his demonstration that an animal geneticist could pick
up the techniques of manual annotation, Reecy’s advocacy of community
involvement in annotation met a receptive audience in the HAVANA team.
As a result, HAVANA decided to dedicate more attention to manual
annotation than they had been contracted to do and in so doing devel-
oped new means of manually annotating a genome.?” This new model
took two forms. HAVANA consulted with the SGSC members on an
informal basis for guidance on what precise parts of the genome they
wanted special attention paid to. This was a continuation of the targeted
approach to sequencing and meant that the annotation could be preferen-
tially refined in particular regions of interest to researchers. In the process,
information was fed back to the assembly team if a problem was detected
in the course of the manual curation.?® As the annotation started while the
reference genome was being assembled,?? this allowed it to feed into the
assembly (and even inform the amendment of algorithms in automated
assembly pipelines), as well as adding value to the eventual sequence.
Additionally, HAVANA shifted its mode of operation, developing new
capabilities in education, training and engagement to increasingly func-
tion as community annotation facilitators, providing the pig geneticists
with the tools, training and assistance so that they could annotate the
genome themselves. This began with a training programme hosted at the

27This illustrates the importance of the initial choice of the Sanger Institute to host the
sequencing of the pig genome, even if this was not made with the eventual model of annota-
tion in mind. The Human Genome Sequencing Center at Baylor College of Medicine, the
other candidate to sequence the pig genome, as it had the cattle, was comparatively quite
small. The kind of manual annotation employed for the pig and the development of com-
munity annotation would therefore have been less likely to occur there.

2 Jennifer Harrow, interview conducted in Cambridge by James Lowe, October 2017;
Kerstin  Howe, interview conducted at Wellcome Genome Campus (Hinxton,
Cambridgeshire) by James Lowe, October 2017.

22 Craig Beattie, interview conducted over Skype by James Lowe, March 2017.
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Sanger Institute in July 2008. While this event was labelled as a “jambo-
ree”, it differed from the Drosophila and human jamborees organised by
Celera. Rather than just annotating the genomes in situ, the Sanger
Institute event was intended to equip the researchers to go back to their
own institutions and conduct annotation on regions of the genome perti-
nent to their existing research projects there. Abridged guidelines were
created for pig annotation, due to the need to do the annotation quickly
because of resource constraints, but also to economically document the
key processes and procedures for these amateur annotators scattered
around the world. Conference calls were used to share problems, observa-
tions and advice, but a manual was still needed for the HAVANA facilita-
tors to refer to, and for the manual annotators to consult in their own
offices and labs between meetings (see Fig. 6.3).

This community annotation effort was aided by the availability of the
Otterlace /ZMap system combining a relational database and graphical
interface for the manual annotators to use (Loveland et al., 2012; Dawson
etal., 2013). In turn, HAVANA used their close working relationship with
the pig genomicists to develop their tools and annotation processes.

The initial step in the manual annotation process was the computa-
tional alignment of multiple forms of data from the pig—and other species
such as human and mouse—onto the §. scrofir genome assembly. A crucial
feature of the Otterlace/ZMap manual annotation system used Dby
HAVANA and VEGA was that it enabled annotation of an ongoing assem-
bly rather than just individual clones, which was all that previous curation
tools had allowed users to annotate (Searle et al., 2004 ). This functionality
was helpful to pig genomicists, who wanted to promptly exploit and fur-
ther augment the sequences so assembled. It meshed with the more sig-
nificant role that manual procedures had in the annotation of the §. scrofa
reference genome. The combination of the automated pipeline with the
bespoke manual sequencing distributed in laboratories across the world
constituted a combination of Stein’s factory and cottage industry models,
and was therefore different to the case of Ensembl discussed above
(Lowe, 2018).3¢

This initial curation created a visualisation that displayed the sequence
data along with another layer of information indicating evidence for the
possible presence of genes. With this, anyone with an account could log in

30 As we discuss later, the manual annotation of the X and Y chromosomes was performed
by the Sanger Institute itself.
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Fig. 6.3 Cover and selected page of a manual produced by the HAVANA team
for use by manual annotators of the pig genome community. From personal papers
of'Alan Archibald, “Pig Sequencing” folder, obtained 17th May 2017. Reproduced
with permission, courtesy of Alan Archibald and the Human and Vertebrate
Annotation group at the Wellcome Trust Sanger Institute. For a larger version of
this figure that can be zoomed in and out, see https://www.pure.ed.ac.uk/ws/
portalfiles /portal /314800096 /higheres_fig_6_3.pdf

to the Otterlace/Zmap system and start to annotate a chosen gene. The
annotator could weigh the different forms of evidence presented to them,
and amend the model of the gene according to that evidence and any spe-
cific knowledge of the gene that they have. They would then be able
to submit it for inspection by a HAVANA team member, who could then
work on it further to finish off the annotations to the required standard.?!

In the ecarlier annotation of the human genome, as well as for well-
funded model organisms such as the mouse, HAVANA had generally per-
formed manual annotation wholly in-house. Its role was quite different for
the pig, instead conducting education and training to enable researchers

3 Jennifer Harrow, interview conducted in Cambridge by James Lowe, October 2017.
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to themselves manually annotate genes, with the HAVANA team then
performing quality control on the results. The only other species that
HAVANA was providing community annotation support for at the time
was cattle (Bos taurus). There were, though, weaker interactions between
HAVANA and the cattle genomics community, partly because its greater
funding meant that a close relationship was less necessary, but also because
of the less-established links that the Sanger Institute had enjoyed with
members of this community compared to pig genomicists (Chap. 5).

Parallel to HAVANA’s tasks, the pig genomics community itself helped
to organise the manual annotation activity. As bioinformatics coordinator,
Reecy led the community side of the work and provided training on man-
ual annotation in the USA and China. In Scotland, training was also pro-
vided by the Roslin Institute. With Reecy, Iowa State University colleague
Zhi-Liang Hu set up a website listing the genes and gene families that
were candidates for manual annotation, and individual researchers were
invited to indicate which they intended to annotate. This has been
described as an “adopt-a-gene type approach” by Reecy, building on the
targeting strategy in the sequencing phase.?? The community did not have
the resources to manually curate the whole genome to a high standard.
They needed to maximise the utility of the genome for their particular
research purposes, and for this, selectivity and distribution of the sequenc-
ing were appropriate. The value of the genome was therefore not primarily
assessed in terms of generic metrics, even if data on the number of genes
annotated still constituted a useful barometer of progress. The key was the
utility of what had been done, not the extent of it; such concerns with
completeness were more of a priority for the IHGSC. The pig community
assessed the S. scrofr genome in terms of its use as a research tool for their
own purposes. They were themselves deeply imbued with an awareness of
what was required in the domains of agricultural or other forms of transla-
tion that they worked towards.*?

32The website (still live as of 18th December 2022) is: https://www.animalgenome.org/
cgi-bin/host/ssc/gene2bacs. It was actively updated from November 2009 to September
2010. We thank Zhi-Liang Hu for kindly providing us with the information on this, follow-
ing an initial lead provided to us by James Reecy. Most of the adopted genes were taken by
the Immune Response Annotation Group (see below) and Cathy Ernst’s research group.
Zhi-Liang Hu defines himself as a bioinformaticist: someone who programmes new tools as
well as using them (personal communication with James Lowe, January 2022).

33 James Reecy, interview conducted over Zoom by both authors, May 2021.
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For this manual annotation, particular groups were established based
on common research and translation interests. Some of these focused on
resolutely structural elements such as repetitive sequences, while others
operated in areas where the line between structural and functional was
blurred. Examples of the latter were the groups that aimed to annotate
genes and analyse genomic regions relating to olfaction, immune response,
and retroviral insertions into pig DNA such as Porcine Endogenous
Retroviruses (PERVs). The range of interests of the pig genome commu-
nity was reflected in these groups. In addition to the interests listed above,
genomicists working on domestication and the relationships between the
sequenced domesticated pig and European and Asian wild boar contrib-
uted analyses to the publication heralding the reference sequence (Groenen
etal., 2012).

It was the involvement of the pig genomics community in annotation
processes that helped to blur the line between structural and functional
annotation. This is illustrated by the most developed of the annotation
groups, which became the Immune Response Annotation Group (IRAG)
and continued its activities well beyond the initial analysis of the reference
genome. IRAG comprised 51 rescarchers based in thirteen institutions in
China, France, India, Italy, Japan, UK and USA. There had been consider-
able work on immune response prior to genomic research, as we showed
in Chap. 5. Further, a high-quality manually annotated sequence of the
pig’s MHC (the Swine Leucocyte Antigen complex, or SLA) was pub-
lished in 2006, as a result of work by Laboratoire Mixte CEA-INRA de
Radiobiologie Appliquée (CEA-INRA), Genoscope, Tokai University in
Japan, and the Sanger Institute. The HAVANA team and the CEA-INRA
group (in particular, Christine Renard) performed the manual annotation
of the SLA region (Renard et al., 2006). It did not therefore need to be
developed further in the subsequent ‘immunome’ project.

This ambitious ‘immunome’ project and group arose out of discussions
between researchers at CEA-INRA and Iowa State University, in particu-
lar Claire Rogel-Gaillard at the former and Christopher Tuggle at the lat-
ter. They each had straightforward motivations for establishing this effort,
since they both worked on the immunogenetics of the pig. We have already
encountered Rogel-Gaillard, part of the team at CEA-INRA (and later,
just INRA) that had adopted genomic approaches to investigating immune
response. This had involved studying the dense polymorphic regions con-
taining genes implicated in it from the 1980s, as well as investigating
PERVs in the late-1990s, which had implications for the prospective
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xenotransplantation of pig organs and tissues into humans. Together with
Patrick Chardon, she had led the development of the YAC and BAC
libraries of pig DNA to aid those rescarch efforts (Chap. 5). Her research
interests had increasingly been directed towards studying the genetics of
immune response variability in terms of pig health and resilience against
disease. Tuggle’s research had trended in a similar direction, though from
a different origin: his work in the 1990s was at the heart of the mapping
endeavour to try to identify (and then exploit) genes and Quantitative
Trait Loci primarily involved in livestock production traits in pigs.3*

From this nucleus, a call for interested parties was issued, and once the
participants were confirmed, the group set about seeking data from data-
bases and the literature to identify a list of genes to annotate.®® Once this
list was agreed and the rules for annotation established, particular sets of
genes were assigned to individual teams. The approach embodied the
advantages and disadvantages of distributed, targeted community annota-
tion, as while expertise could be applied to particular regions by research-
ers, this meant that some regions went unadopted, for instance those with
lower sequence quality that were difficult to annotate as a result or ones
that simply did not contain genes of interest.3¢

Reecy provided training for the group’s annotators in a workshop, but
beyond that people worked in their own offices and labs, using Otterlace.
Annotators would be able to see the analysis for their particular region,
with the data tracks (for example the RNAs aligned to it) depicted. They
would also be able to use the software tools to tweak the predictions made
at the Sanger Institute.’” The work was coordinated, and credit negoti-
ated, in regular conference calls, using the Webex videoconferencing
application to share screens. Jennifer Harrow had overall oversight at the
HAVANA end, which included making the decisions about which annota-
tions to exclude. She guided Jane Loveland in the day-to-day manage-
ment, coordinating annotation between different groups, showing

#*Tuggle took over from Max Rothschild, his frequent co-author and superior in the ITowa
State University Department of Animal Science in the 1990s, as the National Swine Genome
Coordinator for the US Department of Agriculture.

3 Claire Rogel-Gaillard, interviews conducted over Skype by James Lowe, May 2017. See
also Dawson et al. (2013). In particular, the group searched for annotations in the Gene
Ontology, using “immune system process”, GO:0002376, as the inclusion criterion.

%Jane Loveland, interview conducted at Wellcome Genome Campus (Hinxton,
Cambridgeshire) by James Lowe, October 2017.

3 Christopher Tuggle, interview conducted over Skype by James Lowe, March 2017.
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annotators how to use tools and access data, conducting quality control
on the annotations and giving feedback. The motivation for HAVANA
was to enable communities to take on as much of the task of annotation
themselves as possible, both as a general aim and a particular solution for
the resource-poor pig genomics community.*® While the HAVANA team
primarily supplied support for the informatics aspects of the manual anno-
tation, on the community side a trio of coordinators—Rogel-Gaillard,
Tuggle and Harry Dawson—guided the effort with a view to making the
resulting annotated sequence as valuable as possible for those who would
make use ofit. Dawson, based at the USDA’s Beltsville facility in Maryland,
monitored which genes were being annotated, following up on any genes
that remained unannotated. He also conducted cross-species comparative
analyses based on the annotation data he compiled from the whole proj-
ect.?? Dawson had led the development of the Porcine Immunology and
Nutrition (PIN) Database at Beltsville, which was launched in 2005 con-
taining data on 2600 annotated pig genes, with gene expression data
linked to information on gene function. The database (now known as the
Porcine Translational Research Database) was configured to enable users
to identify genetic pathways related to genes of interest and to connect to
human and mouse databases for comparative purposes, as well as to other
pig genomic databases (Dawson ct al., 2007).40

Because the annotation began with a panel of genes, rather than simply
annotating the assembly that was there, genes missing from the assembly
could be identified, and therefore areas of the assembly that needed fur-
ther work could be pinpointed. Indeed, having conducted the annotation
using version (build) 9 of the swine genome, the results of the annotation
fed into the newer and improved version 10.2. The annotators refined the
models of 1369 genes and elucidated 3472 transcripts from these, around
a third of which were inferred using only data from other species. They
extended the analysis concerning genes under positive selection under-
taken in the 2012 Nature paper announcing the reference sequence. And
finally, the group used transcriptomic data derived from experiments to

3 Jennifer Harrow, interview conducted in Cambridge by James Lowe, October 2017;
Jane Loveland, interview conducted at Wellcome Genome Campus (Hinxton,
Cambridgeshire) by James Lowe, October 2017.

¥ Claire Rogel-Gaillard, interviews conducted over Skype by James Lowe, May 2017. See
also Dawson et al. (2013).

“Ohttps: //web.archive.org/web,/20220928072749 /https: / /www.ars.usda.gov,/news-
events/news/research-news /2005 /pig-gene-database-supports-human-nutrition-
immunity-studies/ (last accessed 18th December 2022).
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discern the role of some of the genes involved in immune response, iden-
tify networks of co-expression of genes and to annotate accordingly
(Dawson et al., 2013).

This work had direct translational impact motivating it, and this gave
the group clear indications on how to target their focus and structure the
division of labour within the project. To achieve the translational ends of
the researchers involved, the methods and approaches employed in the
project were comparative, and explorations of function were knitted
together with examinations of diversity and evolution.*! For example,
inferences that the researchers made about the evolution of genes accom-
panied functionally-oriented transcriptomic studies. Genes identified for
their putative function enabled both the functional and structural annota-
tion of the genome to be improved. And these in turn fed into the refined
assembly of the genome itself.

Concerning the improvement of the reference genome as a community-
generated resource, we close with an account of the sequencing and anno-
tation of the pig’s X and Y chromosomes. This project filled the gap left by
the SGSP, which had excluded the sex chromosomes due to the complexi-
ties involved in their sequencing. The sequencing of the sex chromosomes
therefore finally completed a reference sequence for the whole of the
nuclear genome of S. scrofn. This project also shows how the existing com-
munity of pig genomicists were able to broker and contribute to a collabo-
ration between the Sanger Institute and an external group of researchers
who had been working on these sex chromosomes for both biomedical
and agriculturally-oriented purposes.

This project involved the EBI and the Sanger Institute, was funded
with a BBSRC grant, and used infrastructure and work that was supported
by the European Commission and the Wellcome Trust, much like previ-
ous work we have described. It did not involve any of the ‘usual suspects’
from the pig community as a collaborative partner, however, but a group
based in the Department of Pathology at the University of Cambridge
who had been consistently investigating the sex chromosomes of the pig
since the turn of the century.*> Their research had a dual aspect, being

#'In Chap. 7, we term such research on diversity and evolution as ‘systematic’ and examine
the different ways in which explorations of these topics relate to functional studies across
yeast, human and pig.

“https: //gtr.ukri.org/projectsiref=BB%2FF021372%2F1#/tabOverview (last accessed
18th December 2022).


https://gtr.ukri.org/projects?ref=BB%2FF021372%2F1#/tabOverview

6 MAKING REFERENCE GENOMES USEFUL: ANNOTATION 243

motivated by biomedical objectives, as well as being supported by a major
pig breeding firm, the Pig Improvement Company (PIC), due to the
implications of the genetics of sperm development and male fertility for
breeding purposes.** The Cambridge University-led arm of the sequenc-
ing and annotation of the pig X and Y chromosomes was also conducted
in collaboration with PIC. A key figure in the mapping of individual genes
relating to sperm fertility was Andy Day. His funding came from PIC, who
he had worked for since leaving university in 1995 and continued to be
employed by until 2006. Day’s research at the University of Cambridge
used comparative approaches to exploit the more plentiful and refined
data and resources concerning the human genome to aid in the mapping
of specific genes in the pig (Day et al., 2003; Kollers et al., 2006). One of
his collaborators, Claire Quilter, approached human-pig comparative
genomics from a medical genetic angle: she worked on the role of the Y
chromosome in male infertility and Turner syndrome, a condition that
affects women and involves the lack of all or part of an X chromosome.**

In the early-2000s, Quilter had been the lead author of a paper that
surveyed porcine sex chromosomes, identifying and mapping 19 genes
onto them. For this, she made use of the PigEBAC library developed by
the Roslin Institute and the UK Human Genome Mapping Project
Resource Centre. This work explored the evolutionary consequences of
this mapping data, in part by comparing the order of genes determined on
the porcine Y chromosome with the corresponding order of those genes
on the human and mouse Y chromosomes (Quilter et al., 2002). As well
as representing a convergence of biomedical and agriculturally-inclined
research, it also presaged the entanglement of comparative, evolutionary
and functional studies that would be further realised in the work con-
ducted with the Sanger Institute, and also the relationship between sys-
tematic and functional genomics explored in Chap. 7.

The X and Y chromosomes were an interesting challenge for the
HAVANA team, due to the high level of conservation in X chromosomes
and the tricky genomics of the Y chromosome. Y chromosomes contain a

43 As with many of the institutions mentioned in this book, we have affixed one name for
an institution that changed names and did not have a straightforward institutional history.
The Pig Improvement Company was founded in 1962, was bought by Dalgety plc in 1970,
which became the PIC International Group in 1998, and then Sygen International Group in
2001. Genus, a cattle breeder, bought Sygen in 2005. ‘PIC’ remains a brand for the pig
breeding side of their business; for more, see Bruce and Lowe (2022).

“https://www.researchgate.net/profile /Claire-Quilter (last accessed 18th December 2022).
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lot of repetitive sequences and degenerated genes due to its near-complete
isolation from recombination with the X chromosome during meiosis.*®
In the original reference genome operation by the SGSP, some limited
sequencing of the Y chromosome had been conducted using clones from
the DNA libraries derived from males. However, only 11 clones were
sequenced—in a draft rather than finished condition—and a limited num-
ber of scaffolds containing positioned contigs were placed on the chromo-
some: hardly an assembly (Groenen et al., 2012, Supplementary
Information).

On the sequencing side, the X and Y chromosomes project began under
the leadership of Jane Rogers. When she left the Sanger Institute, it was
taken over by Chris Tyler-Smith, a human evolutionary geneticist. The sex
chromosome sequencing project began in 2009. Both sides of the project
were funded by the BBSRC for three years, with the Sanger Institute
being alloted £1,369,161 to Cambridge’s £349,639.#¢ The endeavour
would contribute an improved assembly and annotation of the X chromo-
some and the first assembly and annotation of the Y chromosome.

Beyond the original pig genome sequencing, the X and Y work bene-
fited from a change in mapping techniques and improvements to sequenc-
ing techniques.*” Optical mapping was used to build a new assembly of
X. To conduct this, Kerstin Howe—who led the team that analysed, vali-
dated and improved genome assemblies such as the pig one—worked
alongside David C. Schwartz, who pioneered the method for cukaryotes.*
Optical mapping does not require the use of library clones and the tech-
nique obviates the need for reconstruction of the order of the clones. It
was therefore useful in correcting problematic repetitive regions that are
difficult to resolve using clone-based mapping. The new optical-based
map enabled the corrected assembly to be produced, which was then
improved further, for example with targeted sequencing to close gaps and
resolve assembly problems. This improved assembly in turn enabled an
improved annotation, with 690 protein-coding genes annotated, a

*Jane Loveland, interview conducted at Wellcome Genome Campus (Hinxton,
Cambridgeshire) by James Lowe, October 2017. See also Skinner et al. (2016).

*Shttps://gtr.ukri.org/projectsiref=BB%2FF02195X%2F1#/tabOverview (last accessed
18th  December  2022);  https://gtr.ukri.org/projectsiref=BB%2FF021372%2F1#/
tabOverview (last accessed 18th December 2022).

#7Jennifer Harrow, interview conducted in Cambridge by James Lowe, October 2017.

“Kerstin Howe, interview conducted at Wellcome Genome Campus (Hinxton,
Cambridgeshire) by James Lowe, October 2017.


https://gtr.ukri.org/projects?ref=BB%2FF02195X%2F1#/tabOverview
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considerable advance over the 422 in the original (for Sscrofal0.2), with
increased numbers of non-coding genes and pseudogenes identified as
well. As with the SGSP, there was close interaction between the annota-
tion and assembly teams at the Sanger Institute.

For the Y chromosome, a bespoke library was created using DNA from
a Duroc boar (the same breed as the originator of the CHORI-242 clones
from which the bulk of the reference sequence was derived) donated by
Genus, the company that incorporated PIC. At the Sanger Institute, a
fingerprint contig map was produced using this library to create a map of
overlapping clones which formed the basis of a minimum tiling path to
guide the sequencing and assembly. They used and combined the outputs
of multiple sequencing platforms, and then improved it further as with the
X chromosome, to bring the sequence towards ‘Finished’ standard. This
updated assembly was validated using PacBio long-read technology, which
affirmed the high quality of the new assembly, using the same clone library
as the original sequencing conducted by the SGSP.

For both the X and Y chromosomes, annotation involved the alignment
of various EST, messenger RNA, and protein sequence data against the
sequence. This was performed through the Otter annotation pipeline, and
it then underwent manual curation by the HAVANA team, using the
Otterlace /Zmap tools according to the procedures developed for both
human genome annotation through GENCODE (Chap. 7) and the
immunome project (Skinneretal.,2016 and Supplementary Information).*
The Y chromosome assembly subsequently became incorporated into the
updated Sscrofall.l assembly, which became the reference genome (at
‘representative genome’ level in RefSeq) for the pig in 2017 (Warr
et al., 2020).

Cambridge University’s side of the project involved identifying shared
regions between the two chromosomes to aid in the sequencing of them
and in tracing their evolutionary history, identifying functional genes and
non-coding sequences on the Y chromosome, and locating and analysing
a gene—HSFY—found in cows to study chromosomal evolution across
pigs and closely-related species. The insights gained from this project were
explicitly designed to inform the sequencing and assembly of the chromo-
somes using the knowledge gained about their structure and the location

4 0On the PacBio validation: Jane Loveland, interview conducted at Wellcome Genome
Campus (Hinxton, Cambridgeshire) by James Lowe, October 2017.
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of repetitive sequences, but also to guide the exploitation of the data.>
This research was therefore a good example of the functional and system-
atic synergies that are explored further in the following chapter.

It also shows how the specific genetic expertise of a group of research-
ers newly admitted to the community of pig genomicists, fed into and
informed the highly-developed pipelines and expertise at the Sanger
Institute. Here, the Sanger Institute did not conduct this work merely at
its own initiative or at the behest of the Wellcome Trust or an international
collaboration like the IHGSC. It also was not merely contracted to per-
form the work, as per the original relationship with the pig genomicists.
Instead, building on the relationships developed through pig genome
sequencing, which intensified as attention was directed towards annota-
tion and the development of a new community-oriented model of it, the
X and Y project constituted a more horizontal peer-to-peer collaboration
from the start. This collaboration involved the highly-refined infrastruc-
tures and personnel of a large-scale genome centre. It incorporated a com-
munity of pig genomicists with a core of operators such as Alan Archibald
who married a drive towards the development of genomic resources
intended for wide use with a sensitivity to particular uses to which they
could be put. And finally, it included an existing set of researchers seeking
to conduct sequencing and annotation pertaining directly to their ongo-
ing interests.

The X and Y project instantiates deep entanglements between different
models of sequencing and annotation. It challenges strict demarcations
and distinctions, and also the linearities indicated by presumed separations
between stages, whether in particular projects or pertaining to the wider
development of genomics. Who would dare reduce this X and Y project—
or any part of it—to a singular form of annotation along the lines of Stein’s
ideal types, or even to any of the strategies pursued in prior genomics
projects such as the genome centre model of the IHGSC, or the distrib-
uted model of the European Commission-funded Yeast Genome
Sequencing Project? Instead, as the progression of pig genomics illus-
trates, aspects of these models were mobilised and combined, mediated by
the historical trajectories of the actors coming together to form particular
projects.

SOhttps://gtr.ukri.org/projectsiref=BB%2FF021372%2F1#/tabOverview (last accessed
18th December 2022).


https://gtr.ukri.org/projects?ref=BB%2FF021372%2F1#/tabOverview

6 MAKING REFERENCE GENOMES USEFUL: ANNOTATION 247

6.3  ANNOTATION STRATEGIES AND LLINEAGES
OF (GENOMICS

In examining the different models of reference genome annotation for
yeast, human and the pig, this chapter has begun to explore the develop-
ment and use of genomic resources beyond the determination of the
nucleotide sequence of the reference genome. This broader perspective
expands the range of narratives that historians can mobilise to capture
genomics as an ongoing and multifaceted endeavour, moulded in distinct
ways by different communities.

The yeast genome annotation followed the distributed-but-hierarchical
model of the European Commission’s sequencing project, with a key role for
MIPS as the bioinformatics coordinator. The centralisation through MIPS
reflected the division of labour of the sequencing across multiple, often small,
laboratories and the need for a genome-wide perspective for some forms of
genome analysis that the consortium wanted to perform. In this model, we
see a strict separation of structural from functional annotation.

The human reference genome, on the IHGSC side, involved the devel-
opment of the Ensembl pipeline and HAVANA to automatically and then
manually annotate the sequence data. IHGSC institutions progressively
added new sources of data and methods for the annotation of various ele-
ments in the human genome, such as protein-coding genes. Compared
with Celera’s approach, this involved far less interaction with wider com-
munities of researchers, and instead a concentration on developing pipe-
lines and repertoires to improve the quality and extent of annotation,
without directing or targeting it towards particular users. The aims and
operations were therefore internal to a community of specialist genomi-
cists, institutions and operatives, who sought to improve the output as
measured by general metrics and guided by an ideal of completeness.

This, as we have seen, was not a fixed or essential characteristic of the
genome centres, the key institution in the IHGSC model. In the case of
the Sanger Institute, for example, the relationship of some of its depart-
ments and key personnel to a well-coordinated pig genome community
effected a change in the way this institution worked. As a result, the model
and results of the annotation of the pig genome were quite distinct from
the human annotation that preceded it.

Some of this was driven by resource constraints that limited the quality
of the pig genome assembly in some respects, making manual curation
more crucial in correcting the automated predictions. As funding would
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only go so far in paying for in-house manual curation, the community
would need to take up the slack. The extent they were able to do this owed
much to the community’s own history of coming together to coordinate
the work of identifying genetic markers, compiling and integrating genetic,
cytogenetic and physical maps, and creating databases and materials (such
as genome libraries and radiation hybrid panels). They pursued the cre-
ation of genomic resources because they knew what kinds of data they
needed to advance their own research. Together, they advanced their
overall endeavour of improving the genomic reference resources concern-
ing the pig, secured pots of money from various sources to do so, and then
worked out how to stretch what they had as far as they could. This accom-
modated but also drew upon the heterogeneous but often overlapping
interests held across the pig genome community. For their members, like
those forming the yeast genomics community, genomics has constituted a
nexus around which multiple different interests could draw upon the
resources generated through it, with those interests and motivations also
shaping the creation of those resources in distinctive ways.

Indeed, a reference genome is a creative and dynamic product. The
selection of the materials that are used in its creation and the decisions
made in sequencing and assembly reaffirm that. It matters what libraries
are used, what methods are used in sequencing and assembly, and what is
or is not targeted for special treatment to refine sequence quality. This is
even more the case for annotation. Annotation is affected by the prior
steps, but in turn, what is annotated can feed back to further develop the
assembly. It will also affect what the genome can be used for. The model
of distributed community annotation—involving individuals, laboratories
and groupings of researchers interested in genes with particular hypothe-
sised functions—guided the annotation of the pig genome towards those
regions deemed useful for proximate research purposes. In terms of the
allotting of work, there was a similarity with the yeast genome sequencing
network, though for the pig it was less hierarchical and comprehensive,
and more discretionary.

The activities of the SGSP more generally, and IRAG and the X and Y
chromosome sequencing more specifically, involved a wider set of actors,
approaches and interests than the IHGSC. IRAG involved members of an
existing community of pig genomicists that dated back to at least the
1990s. The project to sequence the X and Y chromosomes, though,
showed how that community still had the ability to form new
connections.
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While the scale, speed and automation of sequencing operations had all
increased at the Sanger Institute, this did not intensify the tendency we
observed in the THGSC effort: the narrowing of participation and the
concentration of operations in-house (Chap. 4). Indeed, the Sanger
Institute, and in particular the HAVANA group, opened out to and
engaged with a specific external community to develop new genomic
resources, tools and expertise through the assembly and annotation activi-
ties of the SGSP, IRAG and the X-Y project. That community shaped the
direction of various aspects of the sequencing process, in so doing affect-
ing the nature of the product. In turn, the Sanger Institute, at a time in
which it was adjusting to the period following the ‘completion’ of the
human reference sequence and each chromosome in turn, itself changed
the way it worked.

In considering how the Sanger Institute and the pig genomics com-
munity shaped their emerging community annotation strategy and prac-
tices, we observe that the cottage industry model (Stein, 2001) needed to
be implemented and combined with factory-style approaches. These gen-
omicists, therefore, deployed modes of annotation regarded as character-
istic of earlier ‘pre-genomic’ stages, in conjunction with the concentrated
factory style that came to dominate the sequencing of the human refer-
ence genome. This challenge to the idea of progression through distinct
and separate models and stages of activity, is an important historiographi-
cal consequence of our account of pig genome annotation.

As well as helping to re-shape the way that HAVANA operated, the
work of pig genome annotation fed into the processes of assembly, auto-
mated annotation and indeed manual annotation itself. This was enabled
by the temporality of annotation that existed in the pig genome project,
with manual annotation occurring alongside ongoing assembly. The man-
ual annotation was therefore able to help correct the assembly as well as
contributing to the improvement of automated prediction algorithms.
The pig genome community conceived the genome they were helping to
produce as provisional and incomplete; their attitude was one of satisfic-
ing (on satisficing, see Wimsatt, 2007).

Of course, as we see at the outset of the following chapter, reference
genomes are never complete; they are always subject to changes intended
to improve their quality and utility. But the pig genome community did
not hold an ideal of completeness or comprehensiveness to be paramount
in the creation of the first reference assemblies. In one respect, they shared
this attitude with Celera. For Celera, the very provisionality of their human
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sequence was its selling point; it was important that the publicly-available
data it had released in 2001 quickly became outmoded, and that it was
widely known to be so. This was to make access to the continually-
improved genome and associated data that they held behind a paywall
more valuable to potential subscribers. It was this commercial strategy,
along with the model of OMIM and their experiences with Drosophiln
sequencing and annotation, that encouraged Celera to forge collabora-
tions with medical geneticists who had been peripheral to the IHGSC.

We have shown that distinctions between manual and automated anno-
tation, annotation and assembly, and functional and structural annotation
should all be qualified. In the next chapter, we demonstrate something
analogous as we explore the changing relationship between the functional
and systematic genomic research that followed the initial sequencing and
annotation of the reference genomes of our three species.
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