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APPROACH TO AN ASSESSMENT OF MAPPING THE HUMAN GENOME

The backbone of the assessment would be based on a series of reports 
submitted to OTA, perhaps linked to another document to be released by a 
private publisher, foundation, prestigious journal, or the Academy (via Issues 
in Science and Technology?). The idea would be to get the best people to do 
the work because they wish to contribute to a publication that would not only 
direct Congressional policy (via OTA), but also be widely available for goal-
setting and discussion in the scientific community (and accessible to the 
public in general).

It would be prudent to get the contracts out early in the project, 
perhaps even before the first panel meeting. If the best people were to agree 
to cover the topics list below, panel members would likely have only a few 
additions of topics to cover at most. (I doubt that anyone would quibble with 
the importance of the topics or the choice of writers.)

The assessment would fall into 3 general areas: 1) justifications for
proceeding or not proceeding to map the human genome, 2) technical aspects of 
doing so (or technical limitations to particular approaches), and 3) the role 
of government in general, and the U. S. Federal Government in particular.

Each of the following topics would be addressed in 20 to 40-page contract 
reports to be prepared by the person or organization in parentheses. The OTA 
document would consist of an overview plus summary of findings from the other 
reports. Any other publication (e.g., a book or special journal issue) would 
choose selections from whatever the editor wanted to use. The organization I 
foresee is:

SUMMARY AND OVERVIEW (OTA)

JUSTIFICATIONS
Scientific implications (Gilbert, Watson, or Crick)
Clinical implications (Victor McKusick)
Commercial implications (?)

TECHNICAL ISSUES
Technologies and their development (Leroy Hood)
Databases (Frank Ruddle)
Computation: theory, algorithm, and application (Eric Lander)
Nomenclature (Tom Shows)
Cell Lines and Repositories (American Type Culture Collection)
Relation to other animals (Tom Roderick)
Molecular genetic techniques (Maniatis or Leder)
Linkage to biochemistry, chemistry, general molecular biology (Miller — Yale) 
International cooperation (Walter Bodmer or John Tooze)
Role of nongovernment organizations (Cahill or Frederickson)

U.S. GOVERNMENT INVOLVEMENT
Department of Energy (including National Laboratories) (Smith or DeLisi?) 
National Institutes of Health and other HHS agencies (including NIGMS, NICHD, 

NCI, NLM, etc.) (to be designated by Wyngaarden)
National Science Foundation (to be designated by Kingsbury or Bloch)
?Office of Science and Technology Policy?



?National Bureau of Standards?
Role of Congress (OTA)

APPENDICES
Comprehensive bibliography (?Ruddle group, NLM, Los Alamos?)

The three reasons to support mapping the genome — the justifications — 
would address why mapping the genome has important implications by projecting 
likely results of doing it and summarizing how scientific, clinical, or 
commercial benefits compare to risks. Discussion of scientific implications 
would address how human genetics relates to other disciplines, how knowing 
about the gene map might be scientifically useful, why the human versus 
another animal's genome should be mapped, and what might be learned about the 
organization and functioning of human genes. The clinical justification paper 
would discuss how mapping data could be practically applied in genetic 
counseling, clinical research, and routine medical practice. It would also 
address how to bridge the gap from new discoveries to clinical use. The 
commercial justification paper would specify: likely products, levels of
interest among private firms, which areas are ripe for commercial exploitation 
now, and levels of support likely to arise from the private sector. It would 
also have to address how to resolve the conflict between international 
scientific cooperation and national policies to protect economically important 
technologies. Discussion of commercial implications would cover funding 
levels and areas of strength in private firms (not including nongovernment 
research organizations like the Howard Hughes Medical Institute).

The discussions of technical issues would each address the following 
questions:

What is the current status?
What are the prospects?
What are the needs?

What crucial issues must be addressed to succeed in mapping the genome?
What can be done to address them?
What is the role of government in addressing them?
What is the role of the U. S. Federal Government in addressing them?
How can the U. S. Government coordinate its policies with nongovernment 

organizations and other governments?

Each would start with a summary of where we now stand, including funding 
figures where available, a statement of existing resources, and a statement of 
consensus on needs and likely prospects. They would go on to discuss how to 
resolve identified problems, with advantages and disadvantages of different 
approaches. The analysis would start general and become more specific to the 
role of the Federal Government. The international piece would attempt to 
quantitate the current relative efforts of the United States, European
countries, and Japan, and would have to reflect the very different
orientations of the programs (e.g., the sequencing effort at the Riken 
Institute in Japan seems to be more a commercial technology development 
consortium than a scientific effort - what does this portend?). The paper on 
molecular genetic techniques or the one on nomenclature would have to discuss 
whether it is important to have one or a few reference genomes (standard 
sources of DNA to refer to).



The review of U. S. Federal Government involvement papers by individual 
agencies would provide an inventory of projects, resources, and funding 
figures, and discuss coordination with other federal agencies, other 
governments, and nongovernment organizations. This would include analysis of 
the specific mandates of the different agencies.

The OTA part of the task could best be satisfied, in my judgment, by 
traveling to Yale, Boston, Los Alamos, Los Angeles, Baylor, Utah, and Hughes 
(either in Florida or Bethesda) to interview the major players. This would be 
followed by interviews with agency folk. The international aspects would have 
to rely primarily on the contractor's effort, but might also involve, a trip to 
visit the Riken, EMBL, and Imperial Cancer Research Fund (UK), especially if 
other governments could fund ail or part of the trip.

The interviews would be proceed after the interviewees received a list of 
questions from OTA, a short bio of me (so they know who they are talking to), 
a request for seminal references to be given to me at the interview (or 
before), a description of what OTA is and what it is not (e.g., OTA is not 
directly tied to appropriations and asking me for money is not useful), and an 
outline of the overall report.

The number of outside papers listed above is 14. Each would have to 
average just over $2,000 to make the budget tractable. This more in the
nature of an honorarium than payment for time, but the highly technical nature 
of the topic might make this acceptable to the authors — thus the link to an 
outside publisher or prestigious journal. Getting involvement of the best 
people would nonetheless require a substantial effort by OTA.

The proposed approach would result in a report that is relatively short 
(less than 100 pages) and wou ld likely not be so much a focus for new 
legislation as a think piece that would facilitate international and 
interagency coordination and would educate the general public. In short, an 
"early warning" project rather than a Health-style or dementia-style report.

SOME DEFINITIONS

I have put some definitions together because I have become confused about 
how some terms are being used. We would have to circulate a list of these to 
the various contractors so that there was agreement, at least among the 
various contract reports if not in the scientific community.

physical map This seems to denote a list of markers that can be linked to the 
karyotypic maps that now exist and that covers most or all of the 
chromosomes (i.e., a technique for correlating a molecular marker with a 
chromosome and chromosome band, sub-band, etc). This seems to usually 
include RFLP, pure restriction, and cosmid maps (those that correlate 
cosmid clones with pieces of chromosomes), but exclude random sequencing 
(at least until it is almost done).

restriction map A map of the human chromosomes that shows where some
specified set of restriction enzymes cut the DNA. Complicated by
methylation-sensitive enzymes and partial digestion.

random sequencing map This would be an approach that either takes whole



chromosomes (technical issues about how to separate them, and how to 
separate human from rodent DNA if using somatic cell hybrid techniques) 
or the entire human genome by cutting it (either at random or using 
restriction enzymes) and generating sequences. The sequences would then 
be put on computer and continually compared to detect overlaps. The 
overlaps would then be used to put the different sequences in order. 
This technique would require extensive redundancy of the sequences (i.e., 
each segment of the genome would, on average, be sequenced several times 
before all pieces could be assembled together). Random sequencing would 
depend on automated sequencing techniques, and would require no knowledge 
of the functions of the DNA segments sequenced. There is a possibility 
that repeated sequences would cause difficulties.

RFLP map This type of map would be generated by cutting with certain
restriction enzymes and then hybridizing with probes. This technique 
allows one to find DNA markers that differ among individuals, and permit 
linkage analysis to see if they are close to other known chromosomal 
markers. RFLP maps yield a location on a chromosome that is fairly 
precise, depending on how close the marker is to the gene of interest. 
It permits identifying a location without knowing a function.

Large fragment restriction map This is the term Sydney Brenner applied to his 
work. It starts by cutting with one enzyme that generates large 
fragments (cuts only a few times), then labeling the large fragments, 
followed by another restriction cut that generates smaller fragments. 
The information is then put into a computer and stored. The computer 
looks for overlaps and slowly accumulates a map. This generates a quick 
random sequence map without specifying the complete nucleotide sequence, 
if I understand t correctly.

Stochastic versus systematic approach These terms were used, but which 
techniques would fall in which category is not clear to me. It is clear 
that the random massive automated sequencing approach is a stochastic 
one, and that starting with genetic diseases and trying to find their 
genes' location on the chromosomes is systematic. It is not clear, 
however, where the intermediate approaches fall. RFLP mapping and 
restriction mapping are also largely stochastic, but are distinguished 
from sequencing in not taking as much time and not being as far out of 
the molecular biological mainstream. There is agreement that the 
systematic approach makes sense. The models seem to be the Huntington's, 
cystic fibrosis, and chronic granulomatous disease research agendas. The 
distinction may be attitudinal, with systematic approaches emphasizing 
the link to human genetic diseases and biochemistry, while the random 
sequencing buffs come from "big science" and emphasize traditional 
biology less. In the HHMI meeting at NIH, I began to think that the 
stochastic/systematic distinction was a proxy for primary source of 
funding (DOE versus NIH).

SOME BACKGROUND FACTS

A few numbers were flung out at the HHMI meeting or have been used in the 
various articles on mapping.

9There are roughly 3 X 10 base pairs in the human genome



There are roughly 100,000 genes
There are approximately 3,000 catalogued human genetic diseases
There are now 8.5 Megabase pairs sequenced and stored at Los Alamos
Of these, 1.2 Megabases are human (constituting 1/20 of 1 percent of the human 

genome)
Rate of entry is 1 megabase per month total (fraction of recent additions that 

is human not known, but slowly increasing in proportion)
The only other animal with substantial sequence information is the mouse, with 

1.1 megabases sequenced
Almost 9,000 fragments have been sequenced and stored, from 11,040 scientific 

citations
It would take about 1010 bits for the sequence information and 1011 total bits 

for sequence plus annotation information
This could all fit on one or a few CDs
The volume of information in the human genome sequence is not considered 

unmanageable or even all that impressive to the computational types. It 
is, for example, much smaller than the amount of toxic chemical data, and 
the number of databases is also severalfold lower


