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T
I HE GENOME DEBATE that began in the United States quickly

JL. spilled across national borders. The international ethos of sci-
ence had little regard for political boundaries. As scientists in many nations
approached their governments to seek funds for new genome research pro-
grams, many met with success. The first success was Charles DeLisi's program
in the U.S. Department of Energy. The next was in Italy.

Italy's genome project began as a pilot project in 1987, under the Italian
National Research Council, less than a year after the first DOE reprogramming
began in the United States. The Italian genome program traced its origins to
Renato Dulbecco's 1985 Columbus Day lecture in Washington, D.C., in
which he first unveiled his idea of sequencing the human genome as the next
major step in cancer research.1 Consensus formed around Dulbecco's subse-
quent Science editorial,2 and a program was quickly formulated and ratified by
the Italian government. It was announced in May 1987 by the National Re-
search Council.3 Italy saw genome research as a road to world stature in
molecular genetics. Dulbecco was appointed the project coordinator, with
Paolo Vezzoni as the deputy, and the project grew from fifteen participating
groups initially to twenty-nine by 1989.4 The budget for the Italian program
was $1.25 million for each of the first three years.

Dulbecco explained that "from the beginning, the project was organized
on the concept that it would be carried out by many units scattered throughout
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the country, because none of the units had all the necessary skill and equip-
ment. To give unity to the project, a common objective was selected: [the end
of the long arm of] the X chromosome (Xq 28-Xq ter). Representatives of the
various units [met] two or three times a year. This approach led to active
collaboration among units. Collaborations also developed with various labo-
ratories in Europe and the United States."5

The next national program emerged in the United Kingdom. The program
there was deeply rooted in the history of molecular biology. British science
was intimately woven into the fabric of molecular genetics. Indeed, the need
for a specific genome research program was less acute in the UK, since research
very much along the lines of the genome project was philosophically in line
with long traditions of British science. The Medical Research Council (MRC)
Laboratory of Molecular Biology in Cambridge honed the cutting edge of
DNA sequencing and physical mapping technologies and remained one of the
world centers for molecular biology, with or without the genome project. On
the other hand, the laboratory's traditions fostered the rapid emergence of the
genome project, and so while it may not have been needed to the same degree
as elsewhere, the genome project was a natural extension.

Representatives from the MRC laboratory in Cambridge attended the
major genome meetings in the United States, beginning with John Sulston's
presence at the first genome-specific meeting in Santa Cruz. British scientists'
views were almost automatically solicited because molecular genetics there was
a major part of the science, and there was only one world science. Wherever
one looked at molecular biology, scientists from the UK were engaged in
audacious projects to push the limits of structural biology. Two figures loomed
especially large in the UK.

Walter Bodmer and Sydney Brenner were immediately in the fray as the
genome debate began. Bodmer directed the the Imperial Cancer Research
Fund (ICRF) in London, a privately funded research center with an interna-
tional reputation, particularly in genetic aspects of cancer and other diseases.
He was known throughout the world for his work on genetic variations in the
immune system and in cancer, and on human population genetics,6"12 and he
was chosen by Watson to keynote the Cold Spring Harbor meeting on human
molecular biology in June 1986.8 He also chaired the HHMI meeting in
Bethesda two months later. Sydney Brenner from the MRC lab attended
several early meetings and was later invited onto the National Academy of
Sciences committee. Brenner and Bodmer were positioned close to the centers
of power in science in the UK and served as British ambassadors to the larger
world of molecular biology. Brenner was highly positioned in the MRC,
holding several different posts while the genome debate was underway.

The British genome debate began in 1986, when Brenner suggested to the
MRC that he start a Molecular Genetics Unit that would include genome
research. Brenner jump-started the UK genome program with funds from a
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private £300,000 ($525,000) award he received from the Louis Jeantet Foun-
dation.13 He proposed to apply the physical mapping methods developed for
Caerwrhabditis degcms, pioneered by John Sulston and Alan Coulson of the
MRC laboratory in Cambridge, to the human genome.14

Brenner thus drew MRC directly into genome planning. At Brenner's
request, MRC established a scientific advisory board, chaired jointly Sir James
Cowan, as secretary of the MRC, and Bodmer, as director of the ICRF.
Membership reflected the interests of other research councils and private char-
ities. ICRF and MRC were expected to contribute roughly equal funding, and
coordination was via a joint scientific advisory committee. In February 1989,
the secretary of state for education and science announced that £11 million
would be provided to the MRC over three years.15;16 The UK genome pro-
gram officially began in April 1989 as a three-year project, but expected to
attain a stable annual budget of £4.5 million beginning in 1992.15; 17

The scientific strategy was a two-pronged approach. One prong was to
coordinate ongoing work, including databases and material exchange centers;
the second prong was intended to goad basic genome research with addi-
tional funds and ambitious technical aims. The approach to international co-
ordination was, in essence, "Let's get started and then we'll talk." Brenner
noted that once "we have established a center in the UK which has already
been of value to our research community, then we will be well placed to play
an active role in international efforts."16

During its first year, the UK program focused on automation, new tech-
niques, and mapping regions of special interest. It then shifted to focus on
cloning, mapping, and a stronger emphasis on protein-coding regions.18;19

The genome program included work on mice, especially a mapping effort
based on cell lines taken from back-crosses between two species of mice that
enabled straightforward physical mapping. Work on C. dcgans, of course,
remained a prominent feature of British genome research. The UK effort was
subsequently focused even more on protein-coding regions of the human
genome and informatics. The program imported the yeast artificial chromo-
some library developed at Washington University in St. Louis, to make the
clone set available in Europe. It collected a set of DNA probes at ICRF and
increased access to human cell lines stored in a repository at Porton.20 Access
to the Genome Database at Johns Hopkins was acquired in 1991, making the
UK the first node outside Baltimore.

Progress was recorded in a newsletter that disseminated information about
resources, ongoing projects, program plans, new techniques, and summaries
of major meetings. Carrying on a long tradition of British humor, the first
three issues were named the G-String.21-23 (This name, of course, referred to a
DNA sequence of guanines.) The title was then changed to G-Nome News24-27

Early issues focused on the UK, but later editions broadened to cover other
countries in Europe. Tony Vickers was appointed human genome mapping
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project manager in 1990,24 and the Human Genome Resource Center was
established at Northwick Park, Harrow, later that year.25 Vickers remained
director until late 1992, when Keith Gibson took the reins.

One novel element of the UK effort was a transatlantic bridge built on the
nematode work. The C. elegans physical mapping effort, one of the prototype
projects for physical mapping, grew into a U.S.—UK collaboration to se-
quence the genome.28 The nematode was once again to serve as the pioneer
for a new technological feat. Brenner's chosen organism was yet again to push
back the frontiers of biology. The C. degam collaboration was so successful
that it became the backbone of a major expansion of genome research efforts
in the UK during 1993, which included John Sulston becoming the director
of genome research at a newly founded Sanger Centre funded by the MRC
and the Wellcome Trust, at facilities in Hinxton Park, south of Cambridge
(see Chapter 20).

During the first two years of the genome project, attention in the UK
turned to hosting the eleventh Human Gene Mapping Workshop (HGM 11)
in London, with the ICRF as host. UK scientists came to feature prominently
in international genome politics, far beyond the budgets supporting their
work. Bodmer replaced Victor McKusick as president of HUGO in December
1989. He gave a presentation to the Parliamentary and Scientific Committee,
a science policy forum, to bolster support for genome research.29 Malcolm
Ferguson-Smith of Cambridge became chairman of the European Community
working party to formulate the EC genome analysis program.19 Brenner, one
of the Nobel committee's more conspicuous oversights, remained a major
scientific force. Work on C. elegans, pioneered in the UK, continued to serve
as a prototype for human genome research.

Even as plans hatched in Italy and the United Kingdom, a genome project
of a different character was beginning in the USSR. The project there took
root in scientifically rich but politically unpromising soil, and by the time it
reached full flower, the USSR was the former Soviet Union and science was
struggling for its very life in hard economic times.

The instigator of the Soviet program was Alexander Alexandravich Bayev,
who survived the Gulag from 1937 to 1954 and in old age weathered the
many government transitions of the late 1980s. In the far north, he was known
for having built a hospital for children in Norilsk. He was sent there in exile,
having survived a term in one of the most brutal prisons in the Gulag. Bayev
met his second wife in Norilsk (his first wife divorced him after he went to
prison). The same perseverance and vision that created a pediatric hospital
during the 1940s led in 1988 to the creation of the world's third national
genome program.

Bayev's irregular life story is but one of millions—the legacy of Stalin's
destructive repression. Bayev trained as a biologist and had obvious talent as a
young man, but his career was interrupted during its most productive phase,
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from age thirty-three to fifty, by imprisonment and exile. Bayev was born in
1904 in Chita, east of Lake Baikal and north of Mongolia. He studied mathe-
matics and physics and later transferred to medicine, graduating in 1927. He
decided to pursue a research career. In 1930, he became a graduate student
under Vladimir Alexandrovich Englehardt in Moscow.30 Bayev's trouble be-
gan in 1937, in purges against those who might possibly be supporters of
Stalin's rivals Bukharin and Trotsky.31 These purges directly caused the death
of millions, rent the social fabric of the Soviet Union, and hurled Bayev to the
outer reaches of Russia.

Bayev was sent to Solovetskiy Special Prison, an infamous detention center
on an island in the White Sea. He was then exiled to Norilsk, where he survived
by reverting to his role as physician.30 In the frozen north, Bayev was con-
nected to the outside world only through his mother, who soon died. He
remained entirely isolated for several years, not wanting to endanger friends
by writing to them. In a brief political thaw during 1944, Englehardt got a
letter to Bayev inviting him to Moscow. Bayev ventured to Moscow, working
out of Englehardt's apartment because he was unable to visit libraries. Bayev
returned after a few months to Norilsk, leaving behind a dissertation on mo-
lecular biology that culminated in "candidate of science" status. He was briefly
freed in 1947, but arrested again and sentenced to exile "forever." Forever
lasted until 1954, less than a year after Stalin's death. Englehardt managed to
retrieve Bayev when a period of enlightenment somehow held the Soviet
bureaucracy at bay for a year or two. Bayev resumed his scientific career in
Moscow, first at the Institute of Biochemistry and later at the Institute of
Molecular Biology.30

Bayev missed out on the beginning of the revolution in biology taking
place in the 1950s. He was in exile when Watson and Crick published their
structure of DNA. The USSR contained few scientists able to appreciate the
achievements of molecular biology. T. D. Lysenko exercised a vigorous ideo-
logical aversion to genetics and made sure others shared his enormous blind
spot. Lysenko killed the field by repressing its practitioners, turning Soviet
genetics into a wasteland populated only by those few brave souls willing to
bet that times would change, or too tough to care. For two decades, genetics
and molecular biology were systematically suppressed.32; 33 After Stalin's death,
Lysenko slowly began to lose his lock on biology and agriculture. Bayev's
mentor Englehardt was in the vanguard opposing Lysenko; as a consequence,
Englehardt temporarily lost his position in the section of biology of the USSR
Academy of Sciences in 1958. Lysenko was almost deposed in 1959, as an
Academy of Sciences committee was poised to censure him. The committee
was thwarted the evening before its report was to be made official, when Nikita
Khrushchev rescued Lysenko.33; 34

Englehardt persevered. In 1962, he presented a paper to the Academy of
Science asserting, against the Lysenko ideology, that the recent accomplish-
ments of molecular biology were not flukes, but the first fruits of a scientific
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revolution.33 In June 1964, Englehardt worked to block appointment of a
Lysenkoist to the Academy of Sciences. He was supported in his efforts by
Andrei Sakharov.33 Sakharov's prestige, derived from physics and thus inde-
pendent of Lysenko's power base, was essential to the effort. Indeed, it was
Sakharov's struggle against Lysenko that first gave Sakharov fame as a political
actor, with an impact well beyond his scientific field.35

Khrushchev reacted sharply to Englehardf s brashness, calling for an inves-
tigation of the Institute for Physical Chemistry and Radiation Biology, where
Englehardt worked, but the academy stood behind Englehardt, failing to
admit Lysenko's colleague. Englehardt and others ultimately prevailed; Lys-
enko was finally debunked publicly later that year.

Englehardt became director of the Institute of Molecular Biology and
brought Bayev to work there. A young student working for Bayev, Andrei
Mirzabekov, was attaining recognition as a rising star. Mirzabekov was born
the year Bayev was arrested, in 1937. His family moved to Moscow in 1943,
and he became interested in biology. In 1971, Mirzabekov was permitted to
go to the West. Mirzabekov went to the MRC laboratory in Cambridge, where
he worked to crystallize transfer RNAs for analysis by X-ray crystallography, a
technique used to study the three-dimensional structure of DNA and proteins.
He managed to extend his stay for six months through the machinations of
Aaron Klug, Francis Crick, Frederick Sanger, and Max Perutz (all Nobel
laureates).

Mirzabekov was a link between the USSR and world molecular biology in
the mid-1970s. He felt the full force of molecular biology from its epicenter,
at the MRC laboratory in Cambridge. Mirzabekov returned to the West in
time to participate in several major events. He attended the 1975 Asilomar
meeting about the safety of recombinant DNA. While in the United States
early in 1975, Mirzabekov had a famous lunch with Walter Gilbert, Allan
Maxam, and Jay Gralla at Harvard, related to what later became a technique
for DNA sequencing. Mirzabekov discovered that DNA could be destabilized
at specific base residues by dimethyl sulfoxide, adding methyl groups to gua-
nine and adenine, and causing the DNA to fragment at positions containing
those bases. Gilbert and Maxam used Mirzabekov's chemical modification
methods to study the binding of protein to DNA36 and extended the method
into the Maxam-Gilbert DNA sequencing method.37 (See Chapter 4.)

Through the 1970s and 1980s, Mirzabekov and Bayev continued to work
at the Institute of Molecular Biology in Moscow, now called the Englehardt
Institute. (By tradition, institutes of the USSR Academy of Sciences were
named for their founders several years after their death.) They and others in
Moscow and Leningrad brought new approaches to Soviet biology, adopting
recombinant DNA research and the other new techniques. In 1986, at age
eighty-two, Bayev declined to become director of the Englehardt Institute. He
recommended Mirzabekov for the job, and Mirzabekov became director that
year.
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Mirzabekov remained active in science, although his time was increasingly
devoted to administrative duties and politics necessary to preserve the health
of the Englehardt Institute. Several Soviet scientists were particularly inter-
ested in developing techniques for DNA sequencing that might be less de-
manding of reagents and robotics, commodities hard to find in the Soviet
Union. Less reliance on high technology and Western reagents made the
likelihood of a Soviet contribution to the sequencing effort more feasible. His
laboratory continued to analyze protein-DNA binding. Hans Lehrach of the
Imperial Cancer Research Fund in London suggested a DNA sequencing
technique based on binding very short segments of known sequence, in the
range of eight or more base pairs in length, and determining whether these
bound specifically to a given DNA fragment. If they bound, then that sequence
was present on the DNA fragment. By binding a large number of such short
segments and identifying which short sequence stretches were present, the
sequence of the fragment could theoretically be determined. There were sev-
eral difficult technical obstacles for such a method. A positive score, when
bases of the short segment exactly matched a sequence on the fragment to be
sequenced, for example, had to be reliably distinguished from a negative, if the
match was inexact. Moreover, for the method to be practical, thousands,
perhaps even hundreds of thousands, of the short DNA sequences had to be
tested and scored at once, despite subtle differences in the strength of DNA
binding for each short segment. The potential advantages in speed and sim-
plicity once a system was set up, however, made this sequencing scheme tan-
talizing. Mirzabekov's group worked to make it a sequencing method, as did
a Yugoslav group under R. Drmanac and R. Crkvenjakov38; 39 and groups in
London and the United States.

Bayev and Mirzabekov became the champions of the USSR genome pro-
gram. Bayev learned about the genome project from Walter Gilbert and James
Watson, during a visit to the United States in 1986. Mirzabekov attended the
1986 symposium "The Molecular Biology of Homo sapiens" at Cold Spring
Harbor that same June. Once back in the USSR, Bayev and Mirzabekov
worked to build support for a Soviet genome program.40^7 Their timing was
propitious, capturing the initiative at a time of great change under Mikhail
Gorbachev.

The genome project benefited from the new policies oiglasnost and peres-
troika. Glasnost, openness, made it possible to acknowledge, at long last, the
damage Lysenko had wrought on genetics and molecular biology, and to
begin repairs. Perestroika, restructuring, as applied to biology, sought to link
science and biotechnology to national economic goals. A first step was to bring
Soviet molecular biology up to world standards. The Soviets renewed atten-
tion to peer review and other aspects of science funding and science adminis-
tration.48 Bayev and Mirzabekov wrote to their colleagues to build support for
a USSR genome program, intended to match the movement gathering force
in the United States. Bayev argued that "there are times in the history of science
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when far-reaching decisions must be made, and in the field of molecular sci-
ence, one such moment is upon us."49 The genome project met opposition,
principally based on its importance relative to that of other areas of science, in
1987 and again in February 1988, when Bayev made a presentation to the
general assembly of the USSR Academy of Sciences. Bayev and Mirzabekov
persisted, however, and eventually brought their colleagues and political pa-
trons around. A program was presented to the Council of Ministers in 1988.
It was approved, and in 1989 the State Committee for Science and Technology
listed it as one of fourteen priority areas in science.44"47^9"51 Genetics was
becoming central to several other initiatives in biology and agriculture as
the shadow of Lysenko inexorably shrank in the bright sunlight of modern
biology.

The Soviet genome program thus became an instance of perestroika. Funds
under the project were distributed partially through traditional mechanisms,
controlled by the directors of national institutes and laboratory directors within
the institutes. Another, more innovative part of the budget was modeled on
the NIH project-specific grant system. Mirzabekov, as director of the Soviet
genome program, eagerly sought information about peer review and grant
administration from his Western colleagues, hoping to reinvigorate Soviet
molecular biology by applying Western methods of science administration.
The NIH was seen as the most successful agency in cultivating and sustaining
molecular biology in the world, and Mirzabekov wanted to bring its peer-
review methods, with appropriate modifications, into the USSR.

The budget for the Soviet genome program grew despite hard times for
the Soviet economy. The 1988 budget of 25 million rubles was increased to
32 million in 1989. The fax line from the Englehardt Institute to the West
exemplified the high priority of genome research, requiring a direct interna-
tional phone line and a machine purchased with scarce foreign currency. Yet
continuing economic turmoil within the Soviet economy imperiled the ge-
nome program. Science was caught in the crossfire, in a debate over decentral-
ized planning, and in the tumultuous transition from a centralized communist
economy toward a capitalist base. Nevertheless, in 1991, a 40-million-ruble
genome program was approved in the national USSR budget.

Many of the institutes of the USSR Academy of Sciences, funded through
the central USSR government, were thrown into chaos in the transition from
a centralized economy, as the national republics began to wield more political
and economic power. The tumult following the failed coup against Mikhail
Gorbachev in August 1991 was a period of great uncertainty. With the disso-
lution of the USSR, the Russian Republic picked up the scientific institutes
housing most genome research, but budgets were extremely tight. Science was
a relative luxury in an economy reeling out of control after years of central
management. Getting food onto tables, building houses, and cultivating other
elements of a consumer culture were more important than science.

The genome program was relatively spared during this period of confu-
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sion.52 Indeed, even as science disintegrated through 1992, the genome pro-
gram was given a line item budget under the Russian Academy of Sciences.53

This may have been because Bayev and the Englehardt Institute were never
closely associated with the political power under the Brezhnev "period of
stagnation" and were long associated with reform. Because the genome project
was spared, it became the chief vehicle supporting all of molecular biology in
the former Soviet Union. Bayer's time in the Gulag and his integrity after
returning from it were credentials of great value in the new era.

While attending a scientific meeting in the USSR in June 1989,1 visited
both the Englehardt Institute in Moscow and the Institute of Cytology in
Leningrad (now St. Petersburg). The science at both institutes was seriously
constrained by limited infrastructure, but the minds were keen, and ideological
constraints were conspicuously absent. The Leningrad institute, in particular,
was well populated with erstwhile renegades from the Baltic republics. In hotel
rooms where only months earlier the talk would have been hushed for fear of
KGB interlopers, there was bold discussion of national politics. Evening dis-
cussions became a delightful mix of science and new-wave politics, with pre-
dictions of how the central government would dissolve and courageous talk
about how that process might be expedited.

Bayev and Mirzabekov presented the genome project as linked to economic
development from the beginning. Bayev promised growth through biotech-
nology in his advocacy for the project. As Russia and the other republics threw
off the old order, economic revitalization was the order of the day. The ge-
nome project was one of the programs already in place.

Scientists attached to the genome project were all too aware of the daunt-
ing task ahead. They were ambitious and bright, but hampered by a legacy of
repression. Their work in experimental areas was impeded by limited access to
instruments, materials, and technologies from domestic suppliers, and ex-
tremely tight budgets for increasingly expensive foreign goods. Regina Eisner,
a young molecular biologist from the Englehardt Institute, summarized the
prospects for Soviet participation in the genome project: "Soviet science is
very good when it does not depend on technology. We have brains and cour-
age. If there are things that need only those, then we can participate."54

Bayev embodied the courage and endurance that ran so deep in his culture.
He and his fellow scientists had crafted their genome project with an eye to
the future. The shape of that future was completely uncertain, but the genome
project appeared likely to survive into the new era, a brick in the new edifice.

As genome programs sprang up in Italy, the UK, and the USSR (and its
successor political units), parallel developments were taking root elsewhere on
the European continent. French genome research began from several centers
already deeply involved in human genetics. In 1988, Prime Minister Jacques
Chirac announced a FFr 8 million ($1.4 million) program to bolster genetic
linkage mapping, to cultivate DNA sequencing, and to foster informatics. Jean


