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DEPARTMENT OF ENERGY
OFFICE OF HEALTH AND ENVIRONMENTAL RESEARCH
SEQUENCING THE HUMAN GENOME
SUMMARY REPORT ON THE SANTA FE WORKSHOP

(MARCH 3-4, 1986)

Executive Summary. The following is a summary of the Santa Fe
Workshop held on March 3 and 4, 1986. The workshop was sponsored
by the Office of Health and Environmental Research (OHER) and Los
Alamos National Laboratory (LANL) and dedicated to examining the
feasibility, advisability, and approaches to sequencing the human
genome. The workshop considered four principal topics:

I. Technologies to be employed.
I1. Expected benefits.
III. Architecture of the enterprise.
IV. Participants and funding.

I. Technology

The participants of the workshop foresaw extraordinary and contin-
uing progress in the efficiency and accuracy of mapping, order-
ing, and sequencing technologies. They suggested that a coordi-
nated analysis of the human genome begin with the task of order-
ing overlapping recombinant DNA fragments obtained from purified
human chromosomes that would provide an infrastructure for
sequencing activity. At the same time, they support in-depth
evaluation of current and developing strategies for sequencing
including possible applications of automation and robotics that
would minimize the time and cost of seguencing.

II. Bepnefits

The socio-political and health benefits, and the benefit:cost
ratio were seen as highly favorable not only for human health,
but in addition for the development of new diagnostic, preventa-
tive and therapeutic tools, jobs, and industries. A coordinated
analysis of the human genome would also provide significant lev-
erage for biotechnology activities in the private sector and
academia. Overall, the human DNA sequencing initiative was seen
to have significant financial and health benefits for the citizen
and the nation. Furthermore, application of the evolving mapping
and sequencing technologies in agriculture could have an even
larger impact on world food supplied and economic development.

TEE. Irchitecture

A detailed organizational design for human genome seguencing
activity will gradually evolve through the continuing efforts of
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an OHER central steering committee reporting to Dr. Charles
Delisi, Director, OHER. An extensive network for data colliec-
ticn, organization, and distribution, based on but extending the
models provided by the database efforts (e.g., Genbank and the
Human Gene Mapping Library) currently serving the mclecular gerct-
ics comnunity. The participants were inclined toward a distribk-
uted laboratory effort to develop and implement technologies,
seguencing strategies, cordering and mapping activities, and tc
facilitate the distribution of cleoned and ordered DNA fragwment
"Cottage industry" and single institute approaches were also o
cussed extensively,

Iv. Participants and Funding

It is clear that the enterprise of seguencing the human genornec
should invelve the participation of academria and the private sec-
tor, foundations, and federal agencies as well as the DCE
National Laboratories. There are also great opportunities for
international ccoperation. In keeping with activities which arc
multi-institutional in scope, the funding structure should even-
tually reflect support from the spectrum of traditional funding
sources including the DOE, NIH, NSF, private foundations, the
conmercial sector, and, possibly, internaticnal funding conscrtia
cocrdinated by the World Health Organization.

In summary, the scope and significance of gene sequencing activi-
ties are vast and offer a superb benefit:cost ratio. A nurber of
previous DOE efforts and ongoing OHER activities (e.g., the
Naticnal Laboratory Gene Library Project, Genbank) and DOE
National Laboratory capabilities complenert the vast efforts
sponsored by NIH, NSF, and other foundations and medical insti-
tutes. These and developing efforts on other continents should
provide the infrastructure for a coordinated and effective
approach.
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Introduction and Backaground

The Santa Fe Genone workshop was attended by 43 participants from
the United States and Europe, of whom 18 were from DOE Lakorator-
ies and the remainder from academia and the private sector. The
worksheop participants enthusiastically discharged the obligation
placed hefore them by Dr. Charles Delisi, birector of OHER.

Dr. DeLisi reguested that the participants evaluate the feasibil-
ity and potential utility of obtaining the complete seguence oi
the human genome, and, identify those initial steps which might
be logically taken in effective pursuit of such a goal. Froles-
sor Frank Ruddle cf Yale University served as Chairperscn f{or thg
workshop and alsc provided a succinct historical perspective of
the history of human gene mapping and seguencing.

The workshep participants examined four principal 1ssues:

I. An evaluation of existing and emwerging seguencing and
ordering technologies.
1T. Expected benefits which might accrue from gene sequen-
cing and mapping activity.

IIT. Proper models for the institutional and adninistrative
architecture and coordination of the seguencing
enterprise,

IVv. Participants and potential funding sources for gencre

seguencing activity.

Nota Bene: except where otherwise indicated, this report
attempts to capture the consensus views apparent during worksnop
proceedings: 1in those instances where nc consensus was apparent,
the several competing views are discussed,

I. Technology Assessment. In the discussion of technclegies
which support ordering and sequencing the human genome, a broad
range of subjects were addressed including the proliferation in
sequencing techniques, a variety of approaches to the ordering of
large and small DNA fragments, technologies for the "digestion"
and physical separation and cloning and of human DNA fragments
and the possible applications of automation and robotics to a
variety of these processes.

A major enmphasis concerned the rapidly changing current st
seguencing technology. While current costs may be in excess
one dollar per base pair, rapid progress toward more cost-
effective sequencing (a penny or less per base pair) was envi-
sioned simply as a consequence of the extension or comkinaticn of
existing techneclogies and/or the development of new strategles.
For this and related reasons it was emphasized that the most cir-
cumspect strategy was to focus initiaily on the developnent anc
application of ordering methods and techrologies, especially as
applied to the ordering of chromosome-specific lambda and cosmid
libraries being developed under the auspices of OHER's Naticonal
lLaboratory Gene Library Project. The ordering of such likraries



would provide important immediate advantages for basic and clini-

cal science., Furthermnore, ordered overlapping clones would themn-
selves provide an infrastructure and the raw materials for
sequencing. An initial focus on ordering chromosome-specific

clones would also allow time for careful assessment of a spectrunm
of emerging sequencing techneologies as well as the developrent
and application of automation and robotics to both ordering and
seguencing methods. Thus, large-scale sequencing would initially
be deferred until such time as improvement in technclogy and the
application of automation and robeotics would allow a parsircnious
and technologically advanced assault on large scale human DNA
sequencing.

There was strong agreement that integration of existing Mende-
lian, RFLP, and restriction maps with the ordering of large
insert chromosome-specific libraries would be of immediate value
for both clinical and basic researchers.

Considerable emphasis was given to existing DOE/OHER activities
which have provided a valuable technoleogical infrastructure for
both physical mapping and future sequencing activities. These
include the GenBank database (co-sponsored by the NIH), the auto-
mated sorting of specific chromosomes, and the Naticnal lLabhcra-
tory Gene Library which has almcst completed preparaticn of
human, chromosome specific, small-insert recombinant DNA librar-
ies and is beginning to address those technological preklers
associated with construction of overlapping, large insert likrar-
ies by both lambda and cosmid cloning.

The participants emphasized that much of the sequencing itsel#
could be accorplished by trained technicians (and/or dedicated
machines) and that important priorities should be given to evaiu-
ating which aspects of ordering and sequencing might best be
automated and/or robotized.

While the principal emphasis of the woerkshop was focused on map-
ping and seguencing the human genome, there was also discussion
of the wvalue that would accrue from having additional data orn the
mouse genome and, in particular, a mapped mouse c¢DVA library
accompanied by specific data with regard to the developmerntal
timing and tissue dependence of specific gene expressicn. The
development of heterozygous nouse strains with deletions, which
in toto would cover the major portion of the nouse genome, was
also a technical desideratum. These tools would provide important
bicleogical leverage for further understanding of chromcsome orga-
nization and gene expression, especialily during development.
There was also interest expressed in trial "genomic" runs with
the DNA of lower eukaryotes, such as yeast, in order tc develop
and evaluate a spectrum of ordering and seguencing technoliogles,
while also accumulating valuable data in widely studied systens.

Information Resource

There was widespread appreciation of the fundamental importance
of computational technology and the theoretical problems irherent
in acqguiring, storing, retrieving, and analyzing the enorncus



amount of information contained in the approximately 3 x 109 base
pairs, and »100,000 genes which comprise the haploid human
genome. It was agreed that current computer capabilities are
sufficient (even now} to deal with the number of menory bytes
these sequence data would occupy. However, the more conmplex ana-
lytical tasks, especially regarding complex seguence compariscns
would reguire considerable research inte and development of
appropriately optimized hardware and software. It was alsc
peinted out that recent developments in massively parallel pro-
cessing would prove well-suited to many of the more complicated
aspects of sequence analysis,

Ordering and Mapping Technolegies. There was considerable encha-
sis upon the immediate utility (both to clinical and basic
researchers) of the development of maps which would provide the
opportunity to integrate both physical and genetic information.
Such ordered maps (generated with overlapping, chromosome spe-
cific, cloned fragments) would make sequencing more efficient and
imnediately meaningful. Ordering and mapping of chromosome spe-
cific DNA was seen as an initial priority which would pave the
way for subsequent sequencing activities and alsc permit time for
newer sequencing technologies to develop and mature. A variety
cf mapping technclogies were mentioned including the technigues
of chromosome jumping, the use of restriction site commonalities
as mapping tools, and especially the ordering of clones utilizing
the small and large insert libraries censtructed thrcugh the Les
Alamos/Livermore National Laboratory Gene Library Project. &
recently developed and gquite promising approach assigns sicna-
tures to DNA fragments by testing their hybridization with a
small library (e.g., about 50) of synthetic random seguence oli-
geonucleotide probes. It was clear that utilizing chromecsone spe-
cific material could considerably simplify the entire process and
possibly to resclve certain "closure”" cr "end game" problems
associated with repetitive DNA sequences as well as sequences
resistant to existing cloning methods and strategies(see belcuw!.
Possible ways of reducing the complexity of the mapping probler
were alsc discussed. Hydatiform mole was mentioned as a starting
material since its DNA is not heterozygous. However, guestions
concerning possible abnormalities in mole DHA were pctentially
disconcerting even in moles which appear normal in chromosomal
morphology.

There was unequivocal enthusiasm for the ordering of cloned frag-
ments from one of the smaller chromocsomes, as an initial project,
to preceed sequencing and to test a specirun of ordering strate-
gies. There was significant interest in pulsed field gel clex
trophoresis, which offers the capakility of physically separating
extremely large DHNA fragments ranging upwards from a half millicznh
to as many as five million base pairs. {The generation of such
large fragments is accomplished with restriction enzymes such as
Nct I or Sfil, whose restriction recognition sites are relatively
rare in genomic DNA.)

<
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Two fundamental approaches to fragment ordering have bheen devel-
oped and were extensively discussed. The first (develcoped by
Clson and also by Brenner) utilizes signatures which are gener-
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ated from fragments by the use of a battery of restriction
enzymes. Restriction signature mapping technology is labor
intensive, systematic, and can reliably identify overlapping
domains in collections of cloned random DNA fragments. A never,
stochastic, and more computational technigue developed by Lehrach
depends upon the hybridization of random sequence oligonucleotide
probes to a battery of overlapping DNA fragments. Recent compu-
tational simulations of this technique (by Goad and also by Leh-
rach and Michaelis) are gquite promising and have given rise to
the estimate of an order of magnitude decrease in the time and
labor requirements for ordering. More definitive empirical evalu-
ations of the use of random coligonucleotide probes should ererge
in the near future.

Sequencing Technology. As a prelude to the discussicn of seguen-
cing technoleogy, the workshop participants placed emphasis on
ordering and mapping ab initio with sequencing efforts focusing
initially on identifying individual or combinations of technolo-
gies with the greatest promise.

The rapidly changing character of sequencing techneclogy pro-
foundly influences estimates of cost and time for whole genome
sequencing. The participants began their discussions with cur-
rent state-of-the-art methodologies with only minimal modifica-
tions.

1. Workshop estimates indicated that (1) it curently costs
approximately $100,000/year to support an individual technical
staff person, and (2) such an individual can sequence, using cur-
rent technologies, up te 100,000 bp/year. Given the size of the
human genome (3 x 10° bp), the application of current techrology
tc sequencing the complete human genome would require approxi-
mately 30,000 man-years and $3,000,000,000. (Note that this does
not include the cost of the ordering of fragment libkbraries that
would presumably precede the segquencing or the cost of providing
a computer-based information resocurce to manage the sequence
data.)

2. With other modest improvements and enhanced application of
currently envisioned technologies or adaptations of emerging
technologies, cost is dramatically lowered. It seems a rela-
tively sinple matter (either with the Applied Biosystems device
cr the multiplex seguence approaches developed by Church) to gen-
erate a million base pairs per year per worker, reducing the tinxe
reguired to 3,000 man years and the cost per base pair to a dime.
Under these conditions the entire enterprise would cost about 40
million dollars (over a 1l0-year period).

3. With ratiocnal and conservative extrapolation of current
developments and modest expectations for growth and improvements
in the technology, it should become possible for a properly
equipped worker to generate 10 million base palrs per year at a
cost of a penny per base pair and 300 man-years in effort. 1In
this mode, the overall dollar figure is 30 million,

It thus becomes clear, that considerable reduction in costs 1is



not only possible but expected. This enterprise can properly be
compared to the reducticon in costs for computaticn (e.g., as
manifested in the shrinkage in cost and explosion in gquality of
the hand held calculator).

There is clearly a profound need for a carefully planned phasing
of the project with initial exploration of optimal sequencing,
mapping, and ordering strategies and technologies with the appro-
priate initial effort directed toward ordering. Once again 1t
was emphasized that the possibility of achieving costs as low acs
a penny per base palr was not seen as unreascnable within the
next decade and it was acknowledged that even this estimate could
actually turn out to be guite conservative.

The conferees agreed that permissible seguencing errcor rates
would have to be guite low 1in order to efficiently detect such
rare events as mutation and in order to properly evaluate the
extent and clinical significance of human genetic heterogencity.
Strategies for seguence verification and errcr reduction are
emerging and there is cause for optimism with regard to this par-
ameter., For example, strategies involving focal replicate
seguencing are seen as promising ways to address the issue of
evaluating seguencing accuracy.

Discussion was also dedicated to the Applied Blosystens sequen-
cing instrument which uses laser flourimetry and a proprietary
modification of the Sanger method, invelving primer extensicn and
flucrochrome labeled dideoxynculeotide chain termination. The
Applied Biosystems approach benefits from extensive automaticn
and freedom from the use of isotopes and film emulsions for
obtaining the data. There was also an interesting discussion of
George Church's nmultiplexing system where restricted DNA frag-
ments are transferred from sequencing gels to nylon membranes.
This transfer permits successive probing of the DNA fragnents
with a variety of end-specific and strand-specific probes. It
was also peinted out (by Ward) that substituticon of peroxidase
chemiluminescence in place of autoradiography would provide sub-
stantial 1increases in speed when added to the multiplexing
approach.

There was repeated emphasis on the need for integration of the
ordering of cloned fragments, the mapping of genes, the mapping
of restriction fragment length polymorphisms, and the overall
sequencing effort.

Participants estimated that as much as 99% of the genome might be
stably carried in current cloning vectors. Nevertheless, an
intriguing caveat was eXpressed concerning the possibility cf
unforeseen problems in sequencing "closure" otherwise described
as the "end game." For example, the possibility that parts of a
chromosome might be resistant to sequence analysis because they
include large stretches of repetitive DNA deficient in restric-
tion enzyrme sites, or “"refractory" sequences which are otherwise
ill-suited for propagation in current cloning vecters. Rebuttal
of this concern was based on the use of chromosome-specific DNA
{(to address repeat families extending over more than one chronm
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some) as starting material and on the idea that with sufficient
numbers of overlapping fragments (to address regions of tandem
repeats) even refractory domains would eventually succurb.

Other concerns surrounded the repetitious and somewhat unexciting
nature of the sequencing activity itself, which might result in
the development of seguencing information only for the nmest
"clinically interesting" domains. It was acknowledged that the
problem could, to a significant extent, be addressed by the
application of robotic and autcmation methodologies wherever
feasible in the entire operation, starting with DNA preparation
and extending to the automated transfer of data from the seguen-
cing apparatus to the data base. Moreover, the very ilmportant
possibility was considered that nontranscribed domains may con-
tain vital information with regard to either DNA packagirg, chre-
mosone duplication and/or gene expression. Such considerations
appeared to increase the likelihood that long range sequencina of
intergenic regions (beyond and between "transcribed" DNA domains)
would eventually be intensively pursued rather than ignored,
While "geared-up" seguencing activities would not be emphasized
initially, some modest level of seguencing was encouraged esven

from the start, if only as a means fcr evaluating competing tech-
nologies.,

Once again the central coordination and integration of gernomic
sequencing especially with the DNA datakase was seen as an irmpor-
tant feature which could minimize duplication, optimize accuracy,
and ensure technical excellence. Moreover, the advantages which
would accrue from judicious application of automation and robot-
ics techneologies and supporting computaticonal technologles were
subjects which received repeated emphasis.

IT. Expected Benefits of Seguencing Activity. Substantial
benefits were identified and repeatedly emphasized by the partic-
ipants in the Workshop. It was clear however that the perceived
benefits varied in a significant way as a function of the
research interests of the participants. Generally, it was agreed
that detailed knowledge of the full organization and molecular
structure of the human genome will have a powerful impact on our
understanding of such basic areas as embryogenesis, the mclecular

mechanisms that regulate gene expression, and the molecular basis
for inherited diseases.

One of the most striking points to emerge at the workshop was the
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high benefit:cost ratio, in spite of the great variability in

estimates of cost. There was widespread expectation of rapid

shrinkage both in the costs for seguencing and the time recuire-~
ments in terms of man-years of effort to complete the task. This
guarantees an immeasurakle gain in our understanding of hurman
biclogy and medicine for a relatively modest outlay of funds.

The kenefits seen were clearly both of a basic and of a clinical
nature., It was emphasized that extended seguencing infeorration
would have a very profound effect on our understanding of the
regulation of gene expression. Many expressed the view that so
called "uninteresting" domains {(e.g., neontranscribed and/or
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repetitive sequences) may well have a prefound influence con both
the condensation and packaging of DNA prior to mitosis and the
deployment of expressed domains in the interphase nucleus. The
remarkable number, 2.4 meters, is the current kest estimate for
the total length of the DNA in a single human cell nucleus. This
underlines the extraordinary complexity and scophisticaticon in
packaging which is needed to coil this length of polymer intc a
readily deprleoyed template which is routinely probed for inforra-
tion and gene expression within the very limiting confines cof a

7 micron cell nucleus.

There was strong expectation that extensive sequencing would shed
significant light on basic information with regard to the pro-
cesses of aging and cancer as well as other disorders with a
genetic predisposition. In this view, aging itself may, in largs
part, be genetically preprogrammed. It was also emphasized thaz
many as now unrecognized genes would be likely to exhibit pro-
found therapeutic affects both in the form of therapeutic DNA
inserted by genetic engineering and/or somatic gene replaccment.
An important role was also seen for hurman gene products which
could be mass-produced in micro-organisms and adninistered te man
as replacement therapy. It was also pointed out that one of the
principal concerns with genetic engineering is not merely what
coding region to insert but where and how to localize the inser-
ticn. (The insertion locus has a profound influence con the level
cf expression of the newly intrcduced genetic information.) An
understanding leading to the optimizaticn of these locl would be
one of the most profound basic and clinical conseqguences of lona-
range seguencing.

Mention was also made of profound increases in our understandirg
of radiation and chemical damage and its repair in the gencme.
There were very sanguine expectations for unprecedented growth in
our understanding of both radiation and chemical genetic toxiccl-
ogy. There was also enthusiasm for seguencing as the ultirate
tool for understanding and defining the extent of human genetic
diversity. Some participants felt that it would be necessary to
have seguence information on not one but many individuals espe-
cially for '"clinically relevant" genetic domains. Such porticns
of the genome either influence inherited diseases or contain or
regulate the expression of genes, which profoundly influence
health., The expected routine use cf segquence infcrmaticn in
clinical practice wculd obviously benefit by a greater wealth of
sequence information.

A very large impact was expected on our understanding of the huge
collection of human neoplastic and malignant disorders, as well
as benefits for both metabolic and cardiovascular diseases. Suk-
stantial gains would also accrue for a spectrum of pulmonary
fibrosing disorders, genetically determined nephropathies, the
whole range of human arthritidies and also auto-immune and inhe-
rited immune-deficiency diseases. The conplete genomic sequerce
will of course have a profound impact on our understanding of the
rapidly growing collection of RFLPs which are linked to particu-
lar inherited diseases. There was also a strong expectaticn cf
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benefits with regard to behavioral and psychiatric disorders many
of which have a readily demonstrable familial/genetic bkbasis.

In terms of sociological and ecconomic benefits, the gain in
knowledge for human health will markedly improved the gquality of
human life. The participants empahsized the potential to sub-
stantially reduce loss of productivity associated either with
acute catastrophic illnesses or chronic debilitating diseases
such as pulmonary fibresing discrders and both acute and chronic
arthritidies. The Department of Health and Human Services esti-
mates that the United States public will have spent over 400 bil-
lion dollars in health care in 1986. (This is exclusive of any
investment in biomedical research!) The health advantages aris-
ing from the availability of complete genomic seguences will
eventually have a very large impact on such expenditures, suffi-
cient to more than offset the cost of the entire enterprise.
Even a 1% reduction in current health care costs would save far
more than even the most pessimistically estimated cost cf order-
ing and seguencing the entire human genome! Enthusiasm was alsc
expressed with regard to benefits for agriculture from the devel-
opnent of gene seguencing and mapping technologies., It was
pointed out that the portion ¢f gress naticnal incone dedicated
to health care was far less than our expenditures on food! The
use cof sequence informaticn for the development of grain culti-
vars with increased yields livestock improvenent, and pest con-
trol would have a profound and indeed an immeasurable impac:t cn
world agricultural practices and economics.

Substantial fiscal benefits are also expected from the biomedi-
cal, computational, and recbotic products and jobs spawned by the
seguencing effort. In addition, important cprortunities fer
international cooperation were cited as potential political bene-
fits. There are, even now, substantial efforts in Japan, Europc,
and the Soviet Union with regard to developing a more detailed
understanding of human DNA. Finally, the participants acknowl-
edged that infeormation arising from the proposed genomic seguern-
cing activity might be misunderstoed and misused, as an invasior
of privacy and encrocachment upon individual rights. However,
they were unanimous in their view that the expected benefits
accruing to each individual both in terms of health and economic
status would far cutweigh the potential for abuse of this infor-
mnation.

I1I. Architecture and Model of the Enterprise. A lengthy and
impassioned discussion of the architecture, coordinaticn, ard
organization of genomic sequencing activity generated a very wide
spectrum of opinion. There was, however, strong support for a
well conceived central coordinating bedy, which would perenniaZly
identify and evaluate promising technological approaches and
identify the most appropriate participants both at the investiga-
tor and institutional level. The participants strongly supported
the idea of appointing, under the aegis of Dr. Delisi, a distin-
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guished OHER advisory committee® which would continue to guide
the development of strategies, review grant proposals and
evaluate progress as genome seguencing activities evolved. The
advisory comnmittee would facilitate implementation of especially
promising research lines, the development of an integrated fund-
ing structure, and the identification of more powerful technolo-
gies. The idea of rapidly identifying a distinguished steering
committee which would facilitate the evolution of an architecture
for genomlic sequencing continued to receive enphasis and strong
agreement. It was alsc clear that a computational base residing
in a dedicated information resource would provide an important
coordinating framework.

This central rescurce could provide important safeguards against
inadvertant duplication of effort, and a useful form of interac-
tion among the participants. The central coordinating capabkil-
ity, 1n concert with the steering committee, would be needed tc
map out strategies for the development of such laboratory oper-
ations as cloning, mapping, and sequencing and for the management
and distribution of data as it flowed into a central data collec-
tion facility. A central facility would alsoc coordinate the dis-
tribution of critical materials (e.g., chromoscme-specific DA
clones) which would support ordering and sequencing activities
and provide an invaluable rescurce for the research conmunity.
The participants expressed concern that a centralized ard moro-
lithic sequencing institute (advocated by some) might provide
greater focus and technical consistency but it might also stifle
innovation and thus retard progress. On the other hand, decer-
tralization suffered from the risks of diffuseness and problerms
of guality contrel. The most promising approach appeared teo cor-
bine a strong central administrative/coordinaticon facility with a
carefully distributed research and development effort.

Another important function in addition to ordering, sequencing,
corputatiocnal analysis, and material distribution was education.
It was felt that for the project to be adeguately understocd and
supperted some effort was needed to educate the public, other
scientists, academicians and the corperate sector to the very
faveorable benefit cost ratio and the biomedical, basic, and eco-
nomic significance of the proposed undertaking.

There were continual reminders that the enterprise nust begin in
a very flexible mode in view of the current dynamically evciving
status of both theory and technelogy. Thus the adviscory cowmnmit-
tee would be expected to develop a number of competing objectives
whose relative merit and value to the overall effort wculd ke
pericdically evaluated in the context of ongoing experimentation.
There was also strong support for a cemputer-based information
rescurce for data management. This could perhaps be based on
models such as GenBank whose staff interact with both the gene<-
ics and other nucleotide sequencing databases. The Genbank staff
has already addressed many of the issues of data management that

*This committee, which is called the Human Genome Steering Com-
mittee, is now in existence and its membership is given in Appen-
dix I.
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would be shared by an information resource dedicated to the hunan
genome project

It was clear that preliminary decisions of how to proceed, ard
selection of near- and medium-term geoals would alsoc have an
impact on the architecture. For example, the approach for focus-
ing, mapping, and sequencing activities upon "clinically inter-
esting" loci would differ from that intended to develop a data-
base and infrastructure for the total linear sequence of a single
intact chromosome. It was also felt that if the genomic secguern-
cing capability achieved a level of productivity approaching its
expected capacity, it would alsc provide extraordinary researc
value in sequencing non-human DNA including mouse, yeast, and
also plants. The basic and biomedical benefits frow such activi-
ties could ensure continued utility of the developed administra-
tive/organizational structure and its research capabilities.

Emphasis was given to invelvement of the private sector by use of
the contract mechanisn or direct funding and the inveoclverent of
academia, again by use of a consultant mechanism or direct grant
funding. It was also felt that both the private sector ang
academia, as well as other participants might communicate effec-
tively by utilizing the planned computational network for submit-
ting and retrieving mapping sequence and other experimental data.

As noted above, there was considerable debate concerning where
the actual genomic seguencing should be undertaken and by who

The spectrum of cpinion here varied from the establishment of a
single centralized sequencing institute versus a more distrikuted
effort. In the latter, perhaps 10 centers would all be coordi-
nated by a strong central administrative body (l1.e. the Human
Genome Steering Committee} and would interact with very strong
regional basic and clinical research activities, either in acade-
mia, the private sector, or the National lLaboratories. Selected
centers mnight be especilally qualified for particular sequencing
responsibkilities. Sequencing could proceed apace once ordering
of overlapping chromoscme-specific, cloned DNA fragments had been
accomplished. Thus, promising interagency coordination and coon-
eration was seen as a vital function of the steering committee,

There was emphasis on the distinction between a focused but dis-
tributed versus a diffuse effort. A distributed effort could
remain focused and retain both quality control and strong coordi-
nation with a central body if each center was selected and
staffed with gredt care. There was also considerable interest in
the possibility of international cooperation and collaboraticn.
It was agreed that the detailed structure of a multinaticnal
effort would need significant thought and multilateral agree-
ments. Data sharing among the various data bases is already an
accomplished fact. While no consensus was achieved in the dis-
cussion of distributed versus central architectures, the advan-
tages of each were discussed. The wider participation and scienr-
tific benefits of the distributed medel attracted much suppcrt.
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In summary, the architecture of the sequencing enterprise would
of necessity reflect the priorities chosen by the adviscry con-
mittee. The architecture is expected to be a self-evolving
structure which retains flexibility and responsiveness tc the
needs of the enterprise and which can readily adecpt the required
intra-course corrections.

TIV. Funding and Participants. ©One approach to dealing with the
overall funding cof the genome sequencing project would be to
structure, ab initio, a multi-institutional or multi-naticnal
suppert system. Clearly the success of such an enterprise will
depend upon strong interaction among the potentially interested
instituticns and it may be necessary here to take a "wait ang
see' attitude. There are already ongoing mapping and sequencing
efforts in the US, Eurcope, Japan, and the Soviet Union, and the
possibility of developing an international effort for the design
and funding of the project is guite attractive.

Role of DOT/COHER

The DCE's Office of Health and Environmental Research has sup-
ported a number of seminal contributions in the area of nolecular
biology. 1In enumerating these contributicns, one must begin with
the historical interest of the DOE in the areas of genetic toxi-
cology, mutagenesis, carcinogenesis, and physical/bilological
studies of chromatin structure. More recently OHER has procvided
very useful contributions in its support of the National Labora-
tory Gene Library Project and (in combination with the KNIH! Cen-
Bank activities as well as its support of the development of
chromcesome sorting by flow cytometry. The Naticnal Laboratory
Gene Library Project now enters a seccnd (large insert) phase as
a ccllaborative effort between Lawrence Livermore Laboratory and
Los Alamos National Laboratory. The c¢loned libraries should pro-
vide important starting materials for ordering, mapping, and
subsegquent seguencing activities.

In additicon to OHER there has been significant interest expressed
in this proiject by the Howard Hughes Medical Institute, which has
given much previous support to gene mapping activities. There is
acknowledged interest on the part of the National Institutes of
Health in the overall area of sequencing activities, especially
as they relate to problems in aging, cancer, and activities in
genetic engineering. NSF has also expressed interest. The World
Health Organization might also constitute one of a number of wos-
sible avenues for the development of international cooperaticn
and potentially a consortium of funding instruments.

A major concern of the Santa Fe workshop participants was to
clearly establish, for the biomedical research community, that
the funding sought by OHER for this work would be incremental and
would not impact on NIH R0l funding effort or on OHER's existing
research programs. The importance of making this distinction,
and of encouraging the enthusiastic participaticen of the acaderic
and private sectors, was continually emphasized. Concern was
expressed that we avold the misunderstanding of focusing upcen

the more pessimistic cost estimates and creating the impression
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that several Ppillions of dollars would be subtracted frem NIH
budgets in order to proceed immediately with a marsive attacy con
human genemic segquencing., This was clearly not the intent nor is
it @ pragmatic approach. DOE was seen as a favorable locus for
initiating and coordinating a plan leading toward conprehensive
sequencing activities and involving many in the molecular biolecgy
conmunity. The DCE budget was seen as discrete from NIH and
foundation budgets and the work was seen as a practical ewxtersion
of several existing programs supported by OHER with importanc
contributions from the NIH., Emphasis was also given to the time-
liness of developing a discrete mechanism for education of the
scientific community via workshops and of the general public
through the comrnunications media so that the heneficial imusots
of the planned sequencing activities upon the health and ecoromic
well being of the average citizen would be wmore thoroughly under-
stood and more widely appreciated.

In conclusicn, the most critical points emphasized were (L) the
extracrdinary benefit:cost ratic of the genonic mapping and
sequencing activity and (2) the idea that the activity deserves
and requires nmulti-instituticonal support and cocoperation, as well
as a multi-national constituency.
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