
Appendix B

Estimated Costs of Human
Genome Projects

Congress has primary responsibility for funding re-
search through Federal agencies because of its respon-
sibility for the national budget each year. Appropriat-
ing Federal funds for any special genome projects will
therefore fall to Congress. These appropriations will
express Congress’ judgment regarding the relative
value of genome projects. In setting appropriation
levels, Congress will weigh the costs of the programs
against their anticipated benefits (in economic and so-
cial terms) and will balance the value of proceeding
against the costs of not doing so, as measured in lost
benefits or opportunities.

Proposals for genome projects are intended to sup-
port research, but research needs are inherently un-
predictable: Technological breakthroughs could dra-
matically diminish budget needs, and unanticipated
obstacles could just as dramatically increase them. Esti-
mates of near-term projects using existing technologies
are necessarily more accurate than future projects that
presume technological developments. Costs for some
of the larger components, such as sequencing signifi-
cant portions of human or nonhuman DNA, hinge on
unit costs that are highly uncertain now and are rap-
idly changing due to technical advances (e.g., the cost
of sequencing a single base pair of DNA). These un-
certainties suggest that a 5-year budget plan is the best
that can be produced, and projected costs for even
the first 5 years might need to be substantially revised.
The costs of human genome projects can be separated
by components, although the boundaries between
some of them are imprecise. The costs projected in
this appendix are based on a process followed by OTA
to generate estimates from internationally recognized
experts.

OTA Cost Estimates

In order to better estimate potential costs of human
genome projects, OTA held a workshop on August 7,
1987. At that workshop, there was apparent consensus
on rough estimated costs of several components and
confusion or disagreement about many others. A fol-
low-up letter was sent to workshop participants and
over 150 experts from executive agencies, universi-
ties, and corporations to confirm estimates made at
the workshop and to expand them. Replies were re-
ceived from over 70 persons. The revised cost estimates
were externally reviewed by over 100 individuals and

institutions in a draft report circulated in November
1987, and some minor revisions are based on com-
ments received during this review. The resulting cost
projections attempt to include most of the direct costs
of research. They do not include indirect costs of
university administration (although they do include
administration in Federal agencies).

In some cases, it may prove possible to attract fund-
ing from the private sector—foundations, medical re-
search institutes, or corporations. If so, Federal spend-
ing could be correspondingly reduced. In many cases,
however, the Federal Government will eventually pay
the full costs. If a company developed mapping and
sequencing information or new instruments, for ex-
ample, the first-and for a longtime the predominant—
users would remain researchers funded to do biomedi-
cal research by the Federal Government. This would
be the case for most technologies developed as part
of human genome projects (use by researchers being
the primary goal of the enterprise). A company’s in-
vestment would thus be charged back to the govern-
ment by charging for use of information or purchase
of instruments by the research community. In some
cases there may be a market for products outside the
biomedical research community. If so, the private sec-
tor funds could indeed displace government funds.
Funding from research foundations, medical institutes,
and other philanthropies would also, as a rule, substi-
tute directly for government costs.

There was strong consensus about the importance
and feasibility of improving the research infrastruc-
ture (databases and repositories) and generating
genetic and physical maps of human and nonhuman
chromosomes; there was substantial uncertainty about
sequencing strategies and their associated costs. It is
agreed that the need for new technologies is para-
mount, but there is disagreement about how much it
would cost to develop them or how such efforts should
be organized.

Discussion in the following sections reviews costs
by component.

Computers and Computational Methods

Cost estimates for the necessary persomel, research,
and equipment are $12 million per year for the early
years, increasing to 15 percent of the overall budget
as it exceeds $80 million annually. This would be in
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addition to continued support of existing databases and
computer facilities. Spending should be relatively flat
over time, because hardware will have to be purchased
in early years and research will take an increasing
proportion of the budget in later years. Hardware will
have to be upgraded, however, so cost estimates are
necessarily uncertain for future years. While it is log-
ical to link computational needs to human genome
projects, funding devoted to storage of genetic data
and sophisticated analysis of DNA will prove impon
tant in molecular biology even if maps are not com-
pleted and other human genome projects are not
funded.

Genetic Maps

Genetic mapping has been conducted for several
years, and a rough map of human chromosomes al-
ready exists. Discussion at the OTA cost workshop cen-
tered on a map with two to four times the resolution
of current maps. Subsequent letters and discussions
have centered on a further increase in resolution,
preferably such that a gene being studied would be
separated from its closest DNA markers (on average)
in only 1 of 100 family members. (Geneticists call this
a l-entimorgan map. ) Estimates based on existing pro-
cedures yield annual costs of $6 million per year for
5 years. Since this is an existing technology and there
are already facilities to do the mapping, a startup
period is not needed. Funds saved from new methods
could be devoted to automating the processes so fur-
ther refinements of maps in humans and other organ-
isms would be easier to construct in the future.

The two principal groups constructing human
genetic marker maps to date have not been federally
supported. One has used private corporate funds, and
the other has been funded by the Howard Hughes Med-
ical Institute (HHMI). HHMI-sponsored work is a nearly
direct substitute for goverment funding. Future work
would be of greater magnitude, however, and may re-
quire Federal investment. In the case of work sup-
ported by Collaborative Research (the largest corporate
group) and other companies, the Federal Government
will probably pay for access to the probes either as
a lump sum (to obtain access for all federally funded
researchers) or indirectly (as federally funded re-
searchers pay for access to individual DNA markers
or mapping services).

Physical Maps
.

physical maps would be quite useful for future re-
search. Ordered clone sets linked to them would be
even more useful. Pilot projects on selected human
chromosomes and on many lower organisms are in

progress, and a useful set of ordered clones from all
the human chromosomes may be feasible in the next
5 to 10 years.

Projections based on existing technolo~ yield costs
of $60 million for a usefully complete set of ordered
cosrnid clones over 5 years, New technologies may per-
mit the creation of ordered sets of much larger DNA
fragments (using yeast artificial chromosomes, YACS),
and these would be extremely useful also. Costs of con-
structing ordered libraries composed of both cosmid
and YAC clones are estimated at $7o million.

There are substantial uncertainties regarding both
types of clones. Physical mapping of human chromo-
somes using cosmid clones has only begun in the last
year, and therefore the rate and completeness of such
mapping are highly uncertain. Mapping with yeast arti-
ficial chromosomes is much newer, although promis-
ing. The main uncertainty regarding YACS is not cost,
but feasibility: If such mapping is possible, it would
be substantially less expensive than mapping using cos-
mids (although cosmid maps might be needed for many
research applications).

Ordered clone libraries are difficult to complete.
Progress is rapid at first, but it is unlikely that a chro-
mosomal region can be spanned without gaps between
groups of continuous clones. Maps complete enough
to be useful can be expected from several years’ ef-
fort, but if truly complete maps are necessary, then
efforts must be continued, perhaps at funding levels
equal to those for initial construction. Half or more
of the total effort maybe required for the last 10 per-
cent of the maps. Clone libraries with gaps are quite
useful, however, because a chromosomal region of in-
terest is likely to be represented even in incomplete
libraries.

Cost estimates start at $10 million for the first year
(building on current Federal expenditures), rise to $2o
million in $5 million increments over 2 years, and then
drop to $10 million (with the proviso that continued
higher funding may be necessary if complete maps are
deemed essential).

Projects To Link Genetic and
Physical Maps

Identifying the parts of DNA that carry the instruc-
tions for making protein and integrating them into
genetic and physical maps would be very useful. Which
stretches of DNA are actually used to produce protein
varies with the tissue (many genes are expressed differ-
ently in different tissues or stages of development).
The likely process would be to make DNA copies
(cDNA) of the RNA that is translated into protein from
a variety of tissues (’both healthy and diseased) and at
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various stages of development. Locating cDNAs on
physical and genetic maps would result in cDNA maps.

Such maps could be used to pick out protein-coding
regions along stretches of DNA of unknown function.
This would make the physical map much more use-
ful, by highlighting regions of particular interest, and
would provide a missing step in the search for genes
whose approximate location had been determined by
genetic linkage maps. DNA sequencing might also be-
gin by using cDNAs to select regions likely to be of
interest (because they are known to produce protein).
Maps of cDNA would give clues to a gene’s function
if the pattern of expression related to a known bio-
logical process. Comparison of cDNAs from human and
other organisms can give clues to function by relating
expression to degree of evolutionary relatedness. If
a genetic disease is located in a certain chromosomal
region and cDNA maps show that one DNA segment
from that region is transcribed only in the tissue af-
fected by the genetic disease, then the gene cor-
responding to the cDNA is a good candidate for the
gene causing the disease. Maps of cDNAs have been
suggested by several groups [2,3,11,12,13,15].

The first step in constructing cDNA maps would be
to collect and organize existing sets of cDNA clones.
New sets of cDNA clones could be made from missing
tissues, disease states, developmental stages, or organ-
isms. The various cDNAs could then be located on
genetic linkage maps and physical maps. The cost of
this process is highly uncertain, in part because the
number of genes in human and many other organisms
is not known. Those specifically asked about this com-
ponent estimated that its costs would likely range from
$2 million to $5 million per year, depending on how
much work could be done by merely cataloging exist-
ing cDNA clone sets; how many new sets would have
to be constructed; how many organisms, tissues, de-

velopmental stages, and disease states would be used
as sources; and the extent of genetic and physical maps.
The costs of cDNA mapping would increase with the
increasing detail of genetic and physical maps. OTA
estimates start from a base of $2 million, increasing
annually by $1 million increments.

Resource Material Repositories

Estimated costs of storing the clone sets linked to
physical maps, cell lines for genetic research, and the
various DNA analytical materials for genetic mapping
originally ran to over $250 million. The largest com-
ponent, dwarfing all others, was the cost of storing
the DNA clones linked to physical maps. Such storage
costs are virtually prohibitive, and these estimates were
dropped, Subsequent discussions with experts on stor-
age of materials for molecular biology, specifically with
persons at the American Type Culture Collection,
yielded storage estimates an order of magnitude lower.
The estimates summarized in table B-1 are for collec-
tion and storage of clone sets. Costs of dissemination
would be borne by users through user fees. Costs of
collecting and storing mutant cell lines and DNA ana-
lytical materials (such as probes) have not been in-
cluded..

Sequencing

There is little consensus on how much DNA sequenc-
ing should be done as part of genome projects, par-
ticularly whether a complete human reference se-
quence should be an objective. There is consensus,
however, that sequencing technology is crucial and
ripe for innovation. Cost projections should become
easier in 2 to 3 years, as the first automated DNA se-
quencing machines are improved; massive sequenc-
ing would not begin in most schemes for several years,

Total. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 68 131 186 228
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except as part of pilot projects and for DNA regions
known to be of special interest [6]. The debate about
sequencing involves disagreement about the costs of
sequencing per base pair, the amount of redundancy
necessary to make a sequence useful, the expected
pace of technological improvements, which laboratory
preparation steps are included, and how much DNA
would be sequenced as part of human genome projects
(rather than through traditional funding mechanisms).
Estimates of the cost of sequencing vary widely, rang-
ing from several pennies to several dollars per DNA
base [6,16], but there is some agreement that costs
would drop to $0.20 to $0.30 per base pair by the end
of 1988, based on existing technologies. Some of the
discrepancy in the estimates comes from including
different components. The costs of special cloning pro-
cedures, preparing DNA, use of reagents, technician
time, and capital costs of instrumentation should all
be included in cost estimates.

Judgments about which technologies to use and how
much sequencing should be performed are best made
each year by an advisory committee with access to
technical experts. Such judgments would presumably
be based on costs, the availability of material to se-
quence, and consensus on which regions to sequence
first. For OTA projections, a few assumptions have
been made. For the first 2 years’ budget, sequencing
would be covered as technology development—per-
formed on lower organisms or human chromosomal
regions of known interest —for possible sequencing on
a larger scale. For years 3 to 5, it would be based on
sequencing one small chromosome per year at $0.20
per base pair ($30 million per year, based on threefold
redundancy and 50 megabases per year), permitting
a phase-in period for implementation of the technol-
ogies. This estimate is for purposes of budgeting only,
however, and could prove wildly high or low. If the
technologies for cloning, preparing DNA for sequenc-
ing, and finally determining a DNA sequence become
significantly cheaper, as some experts predicted at the
OTA workshop, the amount of DNA sequenced at that
cost could be increased. If costs remain high, only a
limited amount of DNA could be sequenced, accord-
ing to priorities set by the oversight board. After the
fifth year, the budget could go up or down in propor-
tion to need.

Quality Control and Reference
Standards

The large amounts of map and sequence informa-
tion and new materials created by human genome
projects will be useful only if the information is ac-
curate and resource materials are cataloged reliably.

If there are many different groups involved in the ef-
forts, problems of quality control could impede use-
ful applications. The scope and magnitude of this prob-
lem will become clear only when the technologies are
defined and the results of mapping and sequencing
efforts begin to accumulate. Special budget allocations
for comparing results from different groups or to
establish measurement standards may become neces-
sary. Budget needs for quality control will be nil in the
first year and will grow in early years until they con-
stitute 5 percent of the overall budget. For initial esti-
mates, it is projected to grow by $1 million per year
from a base of zero.

Technology Development

Investments in methods and instruments associated
with genome projects are likely to lead quickly to com-
mercial applications. The objective for technology de-
velopment is open-ended, however, and it could be
either the largest component or a relatively small frac-
tion of genome projects. Responses to OTA letters and
drafts showed no consensus on the proper budget.
Many scientists familiar with industrial development
encouraged higher figures, while academic molecu-
lar biologists set lower ones. A maximum figure of $500
million to be spent over 5 years was mentioned at the
OTA workshop, in line with recommendations of a
committee established by the Department of Enery
(DOE). There was some support for the alternative of
devoting 25 percent of the total budget to technology
development [6]. Minimum estimates were for a steady
state of $20 million to $30 million. Several individuals
noted the importance of developing technologies early
on, while recognizing the need to keep early budgets
realistically low because a new research program
would require the accumulation of trained personnel
and pilot work to provide a foundation for later work.

The approach used in OTA estimates is to increase
funding from $10 million the first year to a stable fig-
ure of $100 million by yearly increments. Funding for
biological instrumentation centers under the National
Science Foundation might account for part of this, and
methods or instruments of great interest to industry
might lead to some cost sharing with private firms.
If so, Federal funding could be reduced accordingly.
Technology development funding, like sequencing, is
among the most flexible of the proposed projects and
could be adjusted by the oversight board and the con-
gressional appropriations process,

Training of Personnel

Training of investigators and scientific exchange
among participants are crucial and would include grad-
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uate and postgraduate fellowships, scientific work-
shops, and national scientific meetings. Some persons
urge that fellowship funds be targeted to shortage
areas, but others believe that targeted programs are
less effective than untargeted ones for the best peo-
ple in any relevant discipline. If training were targeted,
it might include development of dual expertise in com-
puters and molecular biology, organic chemistry and
molecular biology, engineering and molecular biology,
and clinical medicine and informatics or molecular bi-
ology. Training would also be needed for technicians,
and for sabbaticals for scientists interested in shifting
from their fields to genome projects. Workshops
among participating groups and national symposiums
to communicate results would permit rapid dissemi-
nation of new methods and insights. Exchange pro-
grams among industrial, national laboratory, and aca-
demic scientists would promote technology transfer.
Training and personnel costs are estimated to merit
10 percent of each annual budget. For initial projec-
tions, funding might start at $4 million and increase
yearly by $2 million.

Administrative Costs

Participants in the August 1987 OTA workshop esti-
mated that 1 to 3 percent of each year’s budget would
be needed for administrative overhead. That estimate
was subsequently increased to 5 percent in response
to letters and after analyzing administrative costs at
Federal research agencies. Administrative costs include
operation of a national advisory board; oversight of
databases, repositories, networks, and other services;
setting instrumentation standards for cloning, map-
ping, and sequencing technologies; administration of
grants and contracts; and other purposes. Some addi-
tional features would be unique to genome projects,
for example, analysis of likely social impacts and ethi-
cal dilemmas created or intensified by genome projects.
The need for such analysis has been explicitly noted
in hearings and has been highlighted by research
agency administrators and congressional staff. It could
be obtained through grants to bioethicists, lawyers,
economists, and social scientists for publications or
workshops on various topics.

Summary

The costs of the components of human genome proj-
ects are projected in table B-1. These would start from
a base of $47 million in fiscal year 1989 (if 1989 were
the first year) and increase to $228 million in fiscal
year 1993. It is not useful to project budgets beyond
then, because technological development is so uncer-
tain. The projected figures do not attempt to assign

functions to particular agencies, merely to state over-
all direct research costs. Future budgets will need to
be revised in light of actual appropriations.

History of Earlier Estimates

Perhaps the earliest evidence of a human genome
project is found in a letter from Robert L. Sinsheimer,
then Chancellor of the University of California, Santa
Cruz (UCSC), to University of California President
David Pierpont Gardner, on November 19, 1984. A po-
tential benefactor had withdrawn support from a
project, and Sinsheimer took the opportunity to pro-
vide a counterproposal that might interest the benefac-
tor. In doing so, Sinsheimer suggested that a human
genome institute be founded at UCSC, with startup
costs of $25 million and an annual operating budget
of $5 million. This was, in effect, the first cost esti-
mate for a human genome project.

The letter from Sinsheimer to Gardner referred to
an enclosure, later to be used as a basis for discussion
at the May 1985 Santa Cruz Human Genome Work-
shop, in which the institute was formally proposed [71.
The proposal assumes existing mapping technologies
and a continued rate of development of DNA sequenc-
ing speed equal to the exponential increase of the past
decade. The proposal then concludes that “within a
few years, the human genome could be reduced to
an ordered set of cloned fragments” and that “50 tech”
nicians could approach completion of the [sequencing]
project in 10-20 years.” The proposal estimates the
yearly support of each technician at $100,000, yield-
ing an annual budget of $5 million and a total project
cost of about $100 million. The proposal also calls for
$25 million for startup facilities, and it distributes the
operating money among the mapping and sequencing
project itself (75 percent), developing techniques (10
percent), application to basic biology and medicine (10
percent), and education and training of students and
other personnel (5 percent).

The Santa Cruz workshop displays similar optimism
about the mapping aspect of a genome project, sug-
gesting that a physical map could be completed by a
20-person group in 3 to 5 years [14]. The workshop
also included discussion of a restriction fragment
length polymorphism (RFLP), or genetic, map. This map
could be achieved in “a few years” at a resolution finer
than 50 centimorgans. Based on then current technol-
ogies, sequencing the 3 billion base pairs of the hu-
man genome was taken as “not feasible.” The work-
shop went beyond the initial proposal and discussed
details about the computer requirements for a project.
There was, however, no explicit cost estimate for these
details,
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The next round of cost estimates came out of DOE’s
workshop in Sante Fe in March 1986. Appended to the
workshop notes and the correspondence the workshop
generated between the participants and DOE’s Mark
Bitensky was a cost estimate by Christian Burks of the
Los Alamos National Laboratory. Burks calculates the
person-years required for various aspects of the
project, which, for a physical mapping and sequenc-
ing endeavor, including computer and administrative
costs and assuming some sequencing advances, totals
3,505 person-years [5]. Allowing for hardware and
overruns of his estimate, Burks concludes a genome
project would cost between $0.5 and $2.5 billion.

The next major meeting, at Cold Spring Harbor, fo-
cused primarily on sequencing. The only estimate to
issue from the discussion was the oft-quoted 30,000
person-years required to sequence the human genome
one time through [8]. This estimate—translated into
$3 billion by either $1 per base pair or $100,000 per
person-year–was based solely on existing technology
and was therefore obsolete within days of the confer-
ence, when the automated sequencer at the Califor-
nia Institute of Technology was announced [18].

By the middle of 1986, the Caltech sequenator had
made it clear that advances in sequencing technology
would drive costs down. HHMI’s Informational Forum
at the National Institutes of Health in Washington, D. C.,
continued to quote the 30,000 person-year estimate,
but it also cautiously offered an estimate of 300 person-
years, assuming a two-order-of-magnitude increase
from automation [17]. The HHMI forum likewise gave
a dual estimate for the physical map (200 person-years,
or 30 to 40 with automation advances) [4], and for com-
puter storage of sequence information ($0.30 per base
pair, $0.03 with advances) [11.

Nine months later, DOE brought out its own cost esti-
mates, presented as a yearly budget for a genome
project. In the Health and Environmental Research
Advisory Committee report, the subcommittee scien-
tists estimate that sequencing, with redundancy for
accuracy, would cost $60 million, assuming advances
in automation [19]. Sufficient automation should be
available 5 years hence [10]. The remainder of the bud-
get is not described in detail, but it does specify that
$500 million will go to various aspects of technologi-
cal development, including mapping and informatics,
assuming $100,000 per person-year of research [9]. The
total for the DOE-proposed projects comes to $1.02
billion. Table B-2 presents a summary of estimates.

The National Research Council of the National Acad-
emy of Sciences established the Committee on Map-
ping and Sequencing the Human Genome, whose re-
port was released in February 1988 [13]. That report
represents the views of an exceptionally distinguished
panel of experts from diverse scientific backgrounds,

The panel members began their deliberations with
widely differing knowledge of the state of gene map-
ping and divergent opinions about the merit of special
research efforts. While writing the report, the panel
reached a consensus that a special effort was merited
and recommended additional funding of $200 million
per year. This level would be reached over the initial
3 years. During the first few years, the budget would
be roughly divided into $120 million for research in
10 or so multidisciplinary centers and numerous small
research groups. Construction and materials would
cost $55 million per year, and $25 million would Oper-
ate repositories, databases, training, and administra-
tive functions. In later years, the budget would increase
for dedicated production of map and sequence data.
This $200 million annual budget would continue until
at least the year 2000.
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