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FOREWORD

Since Gregor Mendel's observations of the transmission of physical 
traits from one generation of plants to the next, scientists have struggled 
to enhance their view of the genetic material of all living organisms.
Today, a science policy debate is beginning to take shape, largely as a 
result of the development of powerful new tools for understanding genetics, 
and ultimately all of biology at the level of individual molecules. The 
debate centers around the optimal magnitude and pace of a collective effort 
to define the entire human genome.

The National Institutes of Health (NIH) has a long-standing history of 
supporting landmark research in human and non-human genetics. In 1968,
Dr. Marshall W. Nirenberg, an NIH intramural scientist, won the Nobel Prize 
in Physiology or Medicine for his discovery of the key for deciphering the 
genetic code. This information has already provided invaluable insight into 
the natural processes of evolution, development, and senescence. Further, 
in keeping with its mission to improve the health of the American people,
NIH also funds researchers working to understand the more than 3,000 known 
genetic diseases. Moreover, as knowledge regarding inherited risk factors 
accumulates, it is becoming increasingly apparent that genetics plays an 
important part in many more disease states.

Because of our substantial commitment to ongoing research in genetics, 
and our role as the major Federal agency involved in biomedical research,
NIH has a responsibility to examine the policy issues attendant to future 
goals in these areas. Therefore, I asked the Advisory Committee to the 
Director, NIH, to consider the potential progress that can be achieved in 
modern biology through the use of molecular genetics, in the context of the 
possible political risks of embarking on a concerted effort to map and 
sequence the human genome. The following is an account of the deliberations 
of the Advisory Committee based on the expert scientific testimony and 
policy considerations presented by a number of invited participants 
representing the academic community, other Federal agencies, and non-profit 
organizations. This document is intended to serve as a guide for the 
development of future policy directions, and to describe the basis for the 
leadership role in molecular genetics that NIH has provided historically, 
and will continue to provide, as we move toward a better understanding of 
all of biology.

James B. Wyngaarden, M.D. 
Director
National Institutes of Health
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EXECUTIVE SUMMARY

The 54th meeting of the Advisory Committee to the Director, NIH, focused 
on both scientific and policy aspects attendant to recent technological 
developments in molecular genetics as they relate to mapping and sequencing 
the human genome. The first session provided a comprehensive overview of 
the methods that now allow investigators to isolate, clone, and sequence 
fragments of DNA. Other areas of attention included recent developments and 
future directions in the field known as "informatics,” or automated 
electronic management and analysis of data accumulated in studies of 
chromosome mapping and DMA sequencing.

Presentations were made by representatives of other federal agencies and 
nonprofit organizations and by international experts. Interspersed 
throughout the meeting were discussions of the potential impact of recent 
scientific achievements on matters relating to research administration. 
Specifically debated was whether or not some centralized form of 
coordination of an accelerated program to map and/or sequence the human 
genome was appropriate and beneficial or detrimental to the entire research 
enterprise. During the final session, participants were requested to 
examine the role of NIH in this context, and to make recommendations 
concerning future program goals.

STATE-OF-THE-SCIENCE

The efforts of different laboratories to map, or to locate genes 
responsible for particular protein products and to assign these genes, or 
markers associated with them, to relative positions on specific chromosomes 
were described and the limits and relative merits of each compared. 
Difficulties encountered by researchers such as uncertainty of the purity of 
starting material, the occurrence of DNA fragments refractory to cloning, 
and repetitive and other noncoding sequences were identified and discussed. 
As demonstrated in lower organisms, the current state-of-the-art restricts 
our ability to sequence more than about 90 percent of the entire human 
genome.

Mapping

Each of the various mapping techniques in use today supplies researchers 
with different pieces of information. For example, restriction enzymes are 
used to cut DNA at specific sites thus creating fragments that can be cloned 
and used to locate homologous sequences in situ. Certain enzymes act at 
sites that occur infrequently and thus are called "rare cutters." This 
technique is particularly valuable because it results in large, reproducible 
segments. Because fewer pieces are required to complete the puzzle, the 
task of mapping is accelerated.

A library of large DNA fragments, known as cosmids (approximately 
40-50 kb), would be extremely useful for many purposes including deciphering 
the processes underlying some 3,000 genetic diseases occurring in man. 
However, improved cloning techniques are necessary to construct such a 
resource.
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Sequencing

Two methods for analyzing DNA sequences were discussed: one, the
Maxam-Gilbert chemical approach; and two, the Sanger, or dideoxy, enzymatic 
technique that has been automated using four different fluorochromes for 
identification of each terminal base. Japanese researchers are 
experimenting with automation of both methods while a machine using the 
dideoxy technique has just been marketed in the U.S. Other routes to speed 
up the sequencing process, to increase resolution of gel separation such as 
pulsed field gels, and to improve gel scanning to decrease reading errors 
were explored.

Informatics

One session concentrated on the rapidly progressing field of 
“informatics," and its applications in molecular genetics. Estimates of the 
total volume of information related to chromosome mapping and DNA sequencing 
indicate that the current state-of-the-art may be sufficient to store the 
data. However, the rate of development of information technology methods 
for data acquisition, processing, and dissemination has lagged behind 
progress in molecular biology.

Several databases are in operation (including GenBank®, the Human 
Gene Happing Library, BIONET, the European Molecular Biology Laboratory 
database, and the Protein Identification Resource), but more needs to be 
done to investigate and promote the potential for linking these facilities. 
Participants concurred on the necessity for a collaborative effort between 
molecular biologists and computer scientists for the design of a uniform 
language and data entry format.

In addition, maximal utility and flexibility of data retrieval depend 
heavily on a system that allows for multiple forms of information 
representation as well as for its distribution. For example, different 
laboratories may be better served through access to a central mainframe or 
through the availability of raw data on compact disc or tapes for local 
analysis.

The National Library of Medicine (NLM) has instituted a liaison with 
molecular and theoretical biologists in the NIH intramural program to 
identify potentially useful information system functions, to develop such 
systems at the NLM, and to test their usefulness to NIH researchers. This 
may serve as a pilot to an expanded effort implemented on an international 
basis.

CURRENT ACTIVITIES

Support for much of the basic science related to mapping and sequencing 
comes from the National Institutes of Health. In addition, NIH provides 
funding for many of the resources upon which molecular geneticists depend. 
These include GenBank®, BIONET, a human DNA probe repository and 
chromosome library, a supercomputer, and the Human Genetic Mutant Cell 
Repository. The Department of Energy (DOE) is initiating a program to
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develop an ordered set of cosmids eventually encompassing all human 
chromosomes. In addition, DOE is focusing on computer technology and 
robotics. They estimate allocating to this project approximately 
$10-20 million per year for the next 5 years. While the National Science 
Foundation is not engaged in biomedical research, they do support studies 
in basic genetics. Plans include development of microchemical 
instrumentation, database management systems, and other model systems.

Related activities are in progress outside the Federal Government. The 
Howard Hughes Medical Institute has accorded high priority to the field of 
human genetics, and is funding a number of projects including the Human Gene 
Mapping Library at Yale; McKusick's Mendelian Inheritance in Man; and a new 
journal, Genomics, to be published in 1987. The National Academy of 
Sciences has announced that its Board on Basic Biology will sponsor a number 
of workshops drawing on experts in gene mapping and sequencing. Sharing in 
the concerns and interests expressed at the meeting, the European Molecular 
Biology Laboratory has indicated a desire to collaborate with U.S. 
initiatives, an endeavor that may be facilitated through the Department of 
Commerce. Agreements administered by the National Technical Information 
Service may provide a vehicle for international coordination.

RECOMMENDATIONS

Science

Citing achievements based on work involving the mouse, the nematode,
C. elegans, and E. coli, many speakers emphasized the importance of 
continued support for work in animal model systems. Neglect of such studies 
in favor of concentrating on the human genome would result in lost 
opportunities for comparison among species, experiments on inheritance 
patterns over successive generations, gene expression and regulation, and 
evolution of genetic characteristics.

Mapping

Progress toward construction of physical and restriction maps will 
require technological advances in large-scale chromosome sorting and 
purification, the use of restriction enzymes (especially “rare cutters") to 
isolate large fragments of genetic material, cloning techniques, and 
enhanced resolution in analytical gel filtration methodology.

Sequencing

Support in the scientific community appears to have moved behind the 
development of automated methods for DNA isolation, electrophoresis 
techniques (such as pulsed field gels), gel scanning, and data entry.
Reports indicate that the Japanese research and development programs are 
concentrating on robotics, scanning, and computerized sequence analysis. 
Although there were a few in the minority, consensus at this time seems to 
be that a "moon shot" type macro project to sequence the human genome should 
be delayed pending these improvements over existing technology. Part of the 
rationale is the large proportion of non-coding DNA (67 percent of the human
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genome) that might yield little information of immediate benefit. 
Furthermore, investigators are hampered by repetitive sequences and other 
fragments that are refractory to sequencing attempts. One proposal was to 
conduct a small pilot project on one or two chromosomes to assess the amount 
of useful information obtained and to compare the effectiveness of various 
methodologies.

Informatics

While there was debate as to the appropriate degree of coordination 
needed in the areas of mapping and sequencing, all participants agreed that 
a centralized data bank is essential and should receive top priority 
immediately. Strong support was given to international adoption of a 
consistent nomenclature.

Although the total bulk of information is not unwieldy, there are 
several obstacles preventing timely data entry, easy access, and rapid 
analysis. Several suggestions were posed to address these problems.

It is apparent that existing data entry and analytical mechanisms are 
not sufficient to keep pace with the flood of information from the 
laboratory. The opinion was expressed that comparisons of sequence homology 
ought to be done automatically and immediately upon entry of each new 
sequence into a central data bank. Others focused on the need for improved 
distribution of such results, to be made available in whatever format is 
most useful to each particular investigator.

Policy

Several speakers emphasized that the human genome should not be pursued 
at the expense of other model systems. It was noted that much of what has 
been learned to date about human genetics has been the result of work 
concentrating on bacteria, nematodes, and mice. The flow of information 
from animal models provides the basis for understanding normal gene 
regulation, genetic diseases, and evolutionary processes, and must receive 
continued support.

Moreover, there is a strong justification for funding parallel diverse 
pilot projects. With experience, it is becoming apparent that some 
techniques do not perform as consistently as originally predicted. For 
example, certain restriction enzymes do not work in all systems for reasons 
that cannot be explained. Many groups approaching the same questions from 
different vantages will add to the number of tools available to address new 
technical and scientific problems as they arise.

Several suggestions were directed toward coordination of an endeavor 
with broad international participation including federal agencies, industry, 
non-profit organizations, and academia. Principal among these were the need 
for a uniform language designating DNA fragments, probes, clones, etc., and 
a universal format for data entry. Central oversight could also serve to 
foster information sharing thus increasing the rate of progress while 
minimizing duplication of effort.
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One mechanism for achieving such cooperation would be a distinct entity 
with budget authority to fund a targeted program in mapping and sequencing.
A modification of this approach might entail the creation of a consortium of 
all parties who have expressed an interest in promoting this research. Many 
of those present at this meeting offered to participate in such an effort. 
Others argued against any deviation from our present course of pluralism 
with a variety of funding agencies and mechanisms. The fear was voiced that 
giving high visibility to a human genome project may cause Congress to 
divert funds from ongoing work and harm future scientific achievement. It 
was also noted that a separate entity engaged in "big science” is more 
vulnerable to shifts in public sentiment than a dispersed set of small 
projects.

A centralized project would be removed from one of the major assets 
built into the NIH funding process— the peer review system. Speakers 
advised policymakers to take advantage of the great strength of the peer 
review system in assigning priority to those projects offering promise in 
furthering our understanding of disease processes. The existing mechanisms 
ensure that mapping and sequencing efforts are directly related to questions 
of biological significance. A macro project would be removed from this 
context of immediate application, and would represent a major shift in the 
way science is conducted.

While there may have been some disagreement over the best route, there 
was strong accord that the primary goal was the maintenance of a strong base 
of support for the fundamental scientific research that underlies the 
technological achievements celebrated today.



ADVISORY COMMITTEE TO THE DIRECTOR, NIH

Minutes of the 54th Meeting 
October 16-17, 1986

The Advisory Committee to the Director, NIH, held its 54th meeting on 
October 16-17, 1986, at the National Institutes of Health, Bethesda, 
Maryland. Dr. James B. Wyngaarden, Director, chaired the meeting. (See 
attachment for agenda and lists of participants.)

FIRST DAY

Introductory Remarks

Dr. James B. Wyngaarden 
Director, National Institutes of Health

Dr. Wyngaarden began by expressing his appreciation that many of those 
present had participated that morning in the ceremony to open NIH's year-long 
observance of its centennial. He noted that the centennial observance has two 
objectives: (1) to educate the public about the health benefits that have
resulted from biomedical research during the past 100 years, and (2) to 
stimulate the interest of young people in biomedical research careers. In 
addition, Dr. Wyngaarden invited everyone to participate in the events 
scheduled during the year at NIH and at various academic centers throughout 
the United States.

Turning to the subject for discussion— a project to characterize the 
entire human genome by chromosome mapping and DNA sequencing techniques—
Dr. Wyngaarden pointed out that its long-standing commitment to understanding 
the genetic basis of human development and disease inevitably involves NIH in 
this effort. For example, NIH sponsors many resources, such as GenBank®, 
BIONET, the Human DNA Probe Repository, and the Human Genetic Mutant Cell 
Repository, that will be essential to any mapping and sequencing efforts. In 
fact, the current feasibility of such a project results from pioneering basic 
research in genetics, biochemistry, and cell biology that has been supported 
by NIH for many years.

The overriding questions are whether the likely benefits to human health 
outweigh the costs of a concerted mapping and sequencing effort and, thus, 
whether NIH should support such an effort at this time, especially if support 
requires a reduction in other research activities. Despite considerable 
debate (and the creation of the term genomics to describe this field), there 
is as yet no consensus among scientists about how such a project should 
proceed or even whether it should proceed beyond the traditional approach of 
locating and sequencing genes of identified biological interest.

The potential benefits of mapping and sequencing the human genome seem 
compelling. In particular, the new information resulting from this effort
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would certainly improve the ability to diagnose and understand human disease. 
Recently, for example, Dr. Stuart Orkin applied a form of "reverse genetics" 
in cloning a gene of unknown function by using the knowledge of its probable 
location on a genetic map that he had gained through a study of gene 
rearrangements associated with chronic granulomatosis. Possession of a map of 
the entire human genome would expand the utility of this technique 
dramatically. Furthermore, both the map and the sequence would have important 
additional benefits in the study of normal human function and development, 
drug development, agriculture, and other areas in biology.

On the other hand, these potential benefits must be weighed against some 
very real concerns. The effort would be expensive and time-consuming, 
possibly compromising other excellent research initiatives. For example, 
estimates of the cost of simply sequencing the human genome range from less 
than 100 million to a few billion dollars and the benefits would not be 
immediate. Coordination of the project among laboratories, among agencies, 
and among countries would be difficult but necessary to avoid duplication and 
to ensure that data are freely and easily accessible to all.

Concluding his introductory remarks, Dr. Wyngaarden presented the chairman 
of the first session, Dr. George Palade.

State of the Science

Dr. George E. Palade, Session Chairman 
Senior Research Scientist of Cell Biology 

School of Medicine, Yale University

Dr. Palade began by describing the dimensions of the effort involved in 
the contemplated sequencing of the entire human genome in terms of two 
separate calculations:

1. The number of human genes already mapped is approximately 1,000; the 
ratio of mapped to unmapped genes is at least 1:50.

2. The total calculated number of nucleotides in the human genome is 
about 3 billion; the ratio of sequenced to unsequenced nucleotides is 
approximately 1:600.

Given these two ratios, the dimensions of the unknown are clearly vast enough 
to elicit curiosity. Therefore, Dr. Palade observed, the primary question—  
should scientists sequence the human genome— is probably going to be answered 
in the positive.

Several practical issues regarding preparedness, procedures, and 
organization must be addressed before such an initiative is undertaken, 
however. It is also necessary to keep in mind that the end result of this 
project would be only a starting point, founded on a composite set of 
chromosomes. The degree of reliability and usefulness of this baseline must 
be proved by sequencing genomes from other sources.
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Gene Mapping and Sequencing

Or. David Botstein 
Professor, Department of Biology 

Massachusetts Institute of Technology

Dr. Botstein said that, in his opinion, the central endeavor of human 
molecular biology is to understand the relationships among genes, proteins, 
and function. In many cases, he noted, a protein and its function can be 
related through biochemistry. In other cases, however, availability of the 
gene coding for a protein is the only way to determine its function. In the 
example cited earlier, Dr. Orkin was able to locate a gene with an unknown 
function by observing the clinical effects of a human genetic disease.

Most of what is known about many human genes comes from the study of lower 
organisms, as it is easier to obtain mutants from these organisms and they 
have less DNA to sequence. In fact, one of the main benefits of the DNA 
sequencing completed so far has been the establishment of firm connections 
between what is known very well in lower organisms such as the mouse or 
Drosophila and what is known not at all in the human.

In distinguishing a genetic map from a physical map, Dr. Botstein 
described a genetic map in the human as generally a map composed of 
restriction fragment length polymorphisms (RFLPs) arranged through a study of 
coinheritance in families. Although the genetic information carried by all 
people is much the same, there is a certain amount of variation due to 
heterogeneity, or polymorphism. DNA can be cut into fragments at precise 
sites by a class of proteins known as restriction enzymes. Different specific 
DNA fragmenting patterns, called RFLPs, result from genetic polymorphisms.

With a certain amount of effort and good fortune, this kind of genetic map 
can be used to locate the gene responsible for a human genetic disease. Such 
a map is based on genetic recombination. A physical map, on the other hand, 
associates a particular gene or property with a physical piece of DNA or a 
physical site on a chromosome. Of the genes that have been mapped, most have 
been mapped in this physical sense. The genetic map of the human is as yet 
incomplete. It will not cost billions of dollars to complete, but it will 
cost many millions of dollars. Other techniques are being used to construct 
maps, all of which contribute to a greater understanding of not only human 
genetic makeup, but that of other organisms as well.

Dr. Botstein then described the work that has been done on the human map 
in numerical terms. About one million base pairs have been sequenced so far. 
The average chromosome is 100 megabases (100 million base pairs). The average 
chromosome band, which is the level of resolution of the existing physical 
map, is 10 megabases. The limit of resolution of the genetic map is 
approximately 1 megabase. In other words, the best that geneticists can 
currently obtain is a map location within 1 million base pairs of the actual 
location of the gene of interest.
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The human genome contains approximately 3 billion base pairs. The genome 

of Caenorhabditis elegans (C. elegans) is 50,000,000, almost 100-fold 
smaller. (The best existing physical map has been constructed for this 
organism.) Escherichia coli (E. coli) has 4,000,000 base pairs. Thus, the 
human genome is the equivalent of 1,000 E. coli or 100 C. elegans genomes. 
Study of pieces of DNA requires cloning each fragment in a carrier called a 
vector to obtain sufficient material. Because capacity of the largest cloning 
vector capacity in hand at the moment is 50 kilobases (50 thousand base pairs) 
and the human genome has at least 100,000 50-kilobase pieces, a cloning system 
that works in the range of 1 to 10 megabases seems necessary. Such a system 
is unlikely to be developed without a fair amount of further research.

Although there are important exceptions, proteins are responsible for most 
of an organism's physiological activities. Only 3 percent of the human genome 
is in charge of making proteins, however. Furthermore, 30 percent of the DNA 
in the human genome is frankly repetitious. The sequences of many of these 
repeats are known, although not every variation is known. The largest family 
of the repeats, known as alu. is repeated every 10 kilobases.

Dr. Botstein emphasized that the function of the intervening, noncoding 
sequences outside the genes— 67 percent of the human genome— is completely 
unknown. In some cases, it seems unlikely that they have any important 
functions, but the present state of knowledge does not permit an evaluation of 
such functions. Thus, the question is whether all DNA should be sequenced to 
reach the 3 percent of known value.

In order to sequence the entire human genome, it is necessary— at least in 
principle— to acquire all the DNA of the genome in a form that can be 
manipulated. Although the physical properties of all DNA are the same, pieces 
of DNA must be cloned in order to amplify the number of copies for 
experimentation and sequencing. As only a few hundred base pairs can be 
cloned at one time, the effort required for purification and amplification is 
tremendous.

In a cloning endeavor that involves an entire region, DNA pieces obtained 
at random are studied and overlapping or contiguous sequences identified, 
leading to the construction of a map of ordered cosmids. (A cosmid is a 
vector that is capable of carrying a DNA insert approximately 50 kilobases in 
length. Presently, this represents the largest manageable portion of DNA. 
Frequently, the insert is referred to as a cosmid in an abbreviated format.) 
Initially, this procedure is very inefficient, because random sampling in 
largely uncharted regions is unlikely to uncover overlaps. The probability of 
finding an overlap increases with each sequence mapped, until 90 percent of 
the region has been examined. At this point, the process slows greatly— due 
to the presence of fragments that are refractory to cloning or sequencing— so 
that uncovering the last few percent could amount to 90 percent of the 
effort. This has been demonstrated in the work done by John Sulston, Sidney 
Brenner, and their colleagues on the C. elegans genome.

Dr. Botstein concluded by saying that the optimal strategy depends on the 
information desired. Sequencing the entire human genome may not be the most 
efficient way to determine the function of a particular gene. Furthermore,
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the elimination or reduction of work on other organisms in order to 
concentrate on sequencing the human genome may prevent the discovery of 
valuable information. On the other hand, sequencing a particular disease 
gene located by using Orkin’s approach may provide valuable data.

Physical Mapping

Dr. Charles R. Cantor 
Professor and Chairman, 

Department of Genetics and Development 
College of Physicians and Surgeons 

Columbia University

Dr. Cantor described the physical map of any genome as one which arranges, 
in specific order, the nucleic acid molecules. Such maps can be constructed 
at various levels of resolution, from the DNA sequence of individual base 
pairs to the number of chromosomes.

There are really two types of physical maps. An ordered cosmid map, 
described by Dr. Botstein, provides the relative locations of small bits of 
cloned DNA (e.g., 40-50,000 base pairs), not their physical location on the 
chromosome. Therefore, the cosmid map may contain gaps until all intervening 
fragments are identified.

A restriction map, on the other hand, is constructed by determining the 
size and location of DNA pieces as large as several hundred thousand base 
pairs. A restriction map is a concrete structure, but its resolution is very 
low. The name, restriction map, derives from the fact that restriction 
enzymes are used to cut the DNA. Each enzyme recognizes a specific sequence 
of nucleotides as a cutting site. The construction of a restriction map 
begins with intact cells in order to protect the large, fragile DNA 
molecules. The membranes and components of the cells are digested away until 
only the DNA remains. The DNA is then cut into very large pieces by 
restriction enzymes and separated by a new electrophoresis technique, pulsed 
field gel (PFG) electrophoresis. Finally, by means of standard recombinant 
DNA technology, individual pieces are detected through a technique called 
hybridization, or binding with well-characterized cloned pieces of the DNA. 
Using multiple restriction enzymes, which cut the DNA at different sites, it 
is possible to identify a pattern of DNA fragments specific for that region of 
the chromosome, and to place each fragment on the map. The major advantages 
of this technique are that it is easy, inexpensive, and already available in a 
large number of laboratories.

Dr. Cantor then pointed out one basic flaw in this approach. Physical 
maps of the E. coli genome and the human major histocompatibility complex 
(MHC) region have been constructed with very little effort because genetic 
maps of these areas were already in existence. When there is no genetic map, 
which is true in 99 percent of the cases, other, more time-consuming 
strategies must be used.
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One very simple strategy that has been used successfully involves the use 

of a DNA "linking probe." The order in which two large fragments are placed 
can be determined by means of the overlap of the DNA between them. The 
linking probe consists of the DNA on both sides of a restriction site, namely, 
the end of one fragment and the beginning of the next. The appeal of DNA 
linking probes is that they are relatively easy to obtain and are few in 
number. The linking probe strategy is complemented by another new strategy 
that involves jumping probes that cover even larger distances.

In conclusion, Dr. Cantor concurred with Dr. Botstein’s statement that it 
will be very difficult to complete a map. Some regions of the genome will be 
easy to map, and others will require the use of additional strategies before 
mapping can be completed. Furthermore, no one strategy at any one level of 
resolution is likely to prove satisfactory.

Strategies— Phased Approach 

Dr. Charles R. Cantor

Dr. Cantor opposed random sequencing of the human genome as a patently 
inefficient approach to the project. Rather, he said, the ideal strategy 
would be to first divide the genome into sequential pieces of DNA of the 
maximum size that can be handled by the next level of technique without loss 
of information. (The problem faced today is that the order of the pieces is 
lost when the genome is divided, and 99 percent of the effort is spent in 
determining the original order.) The cost of each subsequent step in time, 
effort, and dollars increases steeply, but so does the information obtained.
It becomes more and more important, therefore, to optimize the technology with 
each step down the hierarchy. It is not yet possible, however, to take this 
"ideal" approach.

With the current technology, it is probably possible to map and sequence 
the entire human genome, but the procedure would be very, very inefficient. 
Nature has conveniently divided the genome into 22 pairs of autosomes and 
two sex chromosomes, and somatic cell geneticists have learned to subdivide 
them into large fragments. The discovery of restriction enzymes— naturally 
occurring proteins that always cut DNA at specific sites based on the 
nucleotide sequence— enables scientists to gather large quantities of 
identical fragments for analysis. "Rare cutters," so-called because they cut 
at sites not cut by others, are the enzymes of choice for this task because 
they produce large fragments of DNA, thereby decreasing the total number of 
pieces needed to map an entire gene or chromosome. The rearrangement or loss 
of information resulting from scientific manipulations involved in sorting and 
cutting chromosomes has yet to be determined, however.

The methods discussed earlier can be used to construct macrorestriction 
maps of these large fragments. In turn, these maps can be used to order 
cloned DNA fragments. The task grows astronomically, however, because the 
cloned DNA fragments must be subcloned into pieces suitable for efficient 
sequencing and, finally, sequenced. As there are 24 chromosomes and each must
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be subdivided into 300 to 400 chromosome fragments, the macrorestriction map 
of the human genome will probably consist of approximately 10,000 large 
fragments. These would have to be divided into ten times as many smaller 
fragments, to be cloned, and sequenced. Each of these procedures represents 
extremely different technologies (e.g., from physics, genetics, and 
biochemistry). Moreover, it is very difficult to work on any level without 
dealing with the strategies required for adjacent levels in the hierarchy.

As described earlier, specialized linking probes indicate connections 
between larger fragments. The appeal of a linking probe library, according to 
Dr. Cantor, is that the number of such probes required would be rather small. 
Only 23 to 28 linking probes are needed to map the entire E. coli genome, for 
example. The smallest human chromosome would require 50 to 100 probes; the 
whole human genome, 3,000 to 6,000 probes— at least one order of magnitude 
more manageable than some other figures. Even so, Dr. Cantor said, working 
with 20, 50, 100, or 200 linking probes simultaneously is a fair amount of 
work. A possible solution to this problem is the use of hybrid cell lines 
containing only portions of human chromosomes.

Physical mapping is already a reality in that several investigators are 
trying to make physical maps of biologically significant portions of certain 
chromosomes. Dr, Cantor pointed out the importance of having a homozygous 
source of genetic material in order to avoid confusion caused by unnecessary 
restriction fragment polymorphisms. Ultimately, he said, macrorestriction 
maps will be constructed for many individual chromosomes from many different 
organisms and many different humans.

One of the most important reasons for constructing a physical map is that 
such a map accelerates the process of locating polymorphism markers linked to 
the genes associated with particular diseases. The physical map constructed 
by looking at chromosomes through the light microscope, while important in 
clinical diagnosis, is not adequate for identifying genes. A macrorestriction 
map provides 20 times the resolution and, thus, 20 times the information. The 
original marker for Huntington's disease, for example, has been shown by 
genetic linkage to be approximately 4 million base pairs from the disease gene 
itself. If a physical map were available, a more precise location of the gene 
could be determined. There is a problem, however. While the physical map and 
the linkage map must be made in the same order, the absolute distances between 
markers are constant in the physical map, but are relative and therefore vary 
tremendously in the linkage map. In fact, several disease markers have been 
identified recently.

Dr. Cantor illustrated the effect of this problem by describing the search 
for the Huntington's disease gene. At a recent meeting of the Hereditary 
Disease Foundation, it was reported that there are now three cloned probes for 
locating the Huntington's gene. One marker, found 3 years ago, is 4 million 
base pairs from the disease gene, plus or minus roughly a factor of 10. A 
second, C4H, was found very recently; it is close to the disease gene, but the 
precise distance is not known. The third is somewhat farther away. These all 
lie at the extreme tip of chromosome 4p. Having a physical map of this 
region, and coupling it to the available familial studies, pinpointing the
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exact location of this gene would be a very simple, efficient process. Thus, 
it is necessary to construct a physical map of this region.

An analysis of the current concentrated efforts to map specific regions of 
the genome reveals that, for very little additional effort, it is possible to 
map much larger regions. This is one of the stronger arguments that must be 
considered in long-range planning, Dr. Cantor concluded.

Discussion of NIH Role*

Dr. David Baltimore 
Director, Whitehead Institute for 

Biomedical Research

Noting that the current level of knowledge has been attained generally 
through small-scale, investigator-initiated projects, Dr. Baltimore defined 
the precise issue concerning the human genome project as whether this approach 
should be changed. Decisions about how to organize such a project, what to 
organize, and, in fact, what ought to be done require political, as well as 
scientific, considerations.

There is no question that it would be useful to understand the nucleotide 
sequence of the human genome. The question is how high a priority should be 
assigned to an effort to obtain this knowledge. Dr. Baltimore declared that 
the lack of sequencing data is not generally a limiting factor in today’s 
biology, because sequencing can be done as needed. The lack of mapping at the 
macrostructure level is a limiting factor for many problems, however.

As an established mechanism for evaluating scientific problems and making 
informed decisions, the peer review system has worked well for almost 
everyone. Under this system, priority scores are set by study sections 
composed of experts, and funding decisions are based on those priority 
scores. Dr. Baltimore favored the continued use of peer review for research 
related to mapping and sequencing.

This does not mean that projects should be without goals, Dr. Baltimore 
said. He proposed that the goal in this instance should be to learn as much 
as possible about mammalian genome structure; he opposed, as did others, a 
narrow focus on the human genome because it could be counterproductive and 
would certainly exclude enormous opportunities to learn from experimental 
animals (e.g., the mouse). Therefore, Dr. Baltimore suggested a peer- 
reviewed, investigator-initiated program under which high priorities would be 
assigned to well-conceived proposals for mapping.

Dr. Baltimore recommended that the effort to map and sequence the human 
genome be handled as ordinary science, not as a megaproject. He argued 
explicitly against the establishment of a centralized laboratory or a

* Dr. Baltimore spoke earlier than he had originally been scheduled to speak 
because of another commitment at his scheduled time.
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federally directed program for mapping and sequencing, although he said that 
centralized data collection and distribution should be part of the project.

Dr. Baltimore based his opposition to a megaproject on several factors. 
First, a huge, high priority project would compete with other projects for 
funds and could be ruinous for biology. Second, megaprojects are targets for 
political control of science, whereas individual projects are too small to 
become the focus of political activism. Third, megaprojects are vulnerable to 
the development of bureaucratic controls, and the community of research 
biologists should guard against the use of contracts and the creation of 
czars. Dr. Baltimore concluded that peer review may not be perfect, but it is 
the best approach available.

Discussion

Dr. Epstein asked how the information obtained by sequencing the human 
genome can be used to determine its functional parts. In reply, Dr. Botstein 
stated that scientists cannot currently predict what a protein does by 
knowledge of its sequence. Further research may result in greater 
understanding of the rules by which the primary sequence of nucleotides 
determines the function of the protein. Dr. Dulbecco said that some 
techniques are available (e.g., in situ hybridization) to detect the product 
of a gene that is expressed, and hence, the tissue-specific location of 
expression. When the sequence of the gene is known, a probe can be made to 
determine this cytological localization. Dr. Baltimore pinpointed, as the key 
problem, the fact that this information does not indicate the location of the 
gene. Even When one uses all available tools to try to find recognizable 
coding regions in a sequence, one cannot always recognize what one most wants 
to know. It will be necessary in the end to obtain and sequence the cDNA in 
order to synthesize a probe. Thus, knowledge of the sequence is only a 
starting place. The question is whether the gene sequence or the cDHA probe 
itself is an appropriate starting place.

Dr. Halvorson commented that the problem of maintaining cosmid banks and 
distributing data seems likely to become very difficult. Dr. Wyngaarden 
agreed, noting the experience with handling E. coli data, that the 
distribution of samples or information is already an overwhelming problem. In 
view of this, Dr. Wyngaarden asked whether it would be an advantage to move 
faster to learn sequence information if the increased amount of data obtained 
by accelerated efforts would be unmanageable. Dr. Cantor replied that the 
larger the body of sequence data, the greater the chance of finding a 
preexisting sequence comparable to a new one and, thus, a clue to the function 
of the new sequence.

Dr. Botstein observed that there is a severe bias of ascertainment in 
GenBank® (an NIH-supported sequence data bank) because most of those 
sequences were originally obtained for a biological reason and are attached to 
a known function. Random sequences, however, would not be attached to a 
functional label. Dr. Baltimore declared that it does not take an experienced 
investigator long to interpret the significance of a new sequence, but that 
there is, at the moment, a dearth of people who are acquiring such experience.
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In response to Dr. Baltimore's earlier statement that a project to map and 

sequence the entire human genome would be uneconomical, Dr. Dulbecco suggested 
that the sum of the individual projects under way actually might be more than 
that of the megaproject. Dr. Botstein replied that, if the sequence alone is 
perceived as the goal, the economy of scale that Dr. Dulbecco spoke of is 
real. On the other hand, if a gene sequence is obtained as part of a larger 
investigation, it may not be an economic burden because additional 
information, such as the sequences of variants and genes from different 
organisms, is gleaned along the way.

Dr. Philipson, referring to Dr. Botstein's statement that it will be very 
difficult to order all the clones, said that an inflection point on the graph 
depicting ease of sequencing should occur at approximately 90 percent, rather 
than 70 percent. This implies that at least 10 percent of the genome will be 
difficult to interpret and must be mapped by other techniques. Dr. Philipson 
also declared that, if a sequencing effort started with an available map, it 
would be possible to reexamine the problem area from clinical materials or 
from mammals of interest in order to make probes, possibly undertake genetic 
analyses, and more easily obtain the information sought. Scientists will have 
the ultimate sequence in 10, 20, or 30 years; the question is Whether the pace 
should be accelerated. Dr. Palade added that the issue is how to phase in the 
new project without phasing out the essence of the present system.

In reply to a question from Dr. Guyton about the difficulties caused by 
polymorphisms in the human genome, Dr. Botstein said that they do pose 
technical problems. Dr. Guyton suggested that computer technologists could 
break down the problem statistically, but Dr. Botstein observed that 
statistics are useful only when a great many sequences are available.

Dr. Palade asked if it is possible that the 67 percent of the genome of 
which the function is unknown might contain constant regulatory sequences.
Dr. Botstein replied that, at this point, all "is-it-possible" questions can 
be answered yes.

Current Activities

Dr. William F. Raub, Session Chairman 
Deputy Director, NIH

Dr. Raub observed that a great many organizations are concerned with 
genetic research and that many of them are represented in the afternoon's 
schedule of speakers.
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National Institutes of Health

Dr. Ruth L. Kirschstein 
Director, National Institute of General 

Medical Sciences

Dr. Kirschstein stated that, in fiscal year 1985, NIH spent approximately 
213 million dollars on what can broadly be called genetics. The National 
Institute of General Medical Sciences alone spends approximately 20 million 
dollars each year to support projects that are directly related to physically 
characterizing and sequencing the human genome. Perhaps more important than 
all these projects are NIH's efforts to provide an infrastructure for these 
programs.

NIH supports, wholly or in part, several essential resources. For 
example, the Human Genetic Mutant Cell Repository stores a variety of cell 
lines used for studying human genetic diseases, characterizes the cell lines 
cytologically and biochemically, distributes them to research scientists, and 
maintains a comprehensive data management system to facilitate access to the 
Repository.

GenBank® , the nucleic acid sequence data bank, started in 1979 as a 
collaborative effort of the European Molecular Biology Laboratory (EMBL) and 
NIH. The Department of Energy, Los Alamos National Laboratory, also receives 
NIH funds for this project.* Thus, Dr. Kirschstein cited GenBank® as an 
excellent example of the cooperation that will be necessary in a project to 
characterize and sequence the entire genome. The budget for GenBank® will 
soon need to be increased in order to keep pace with data generated from DNA 
sequencing.

Complementary to GenBank® is BIONET, a cooperative agreement between 
the NIH Division of Research Resources (DRR) and the Intelligenetics Division 
of IntelliCorp in Palo Alto, California. Established to provide computational 
assistance to molecular biologists and those in related fields, BIONET serves 
as a focus for the development and rapid sharing of information and software. 
Its library includes databases from both EMBL and GenBank, as well as the 
National Biomedical Research Foundation's library of protein sequences and the 
Vector Bank.

Other activities supported by NIH include (1) the Genetic Analysis 
Workshop, held annually to encourage collaborations and to develop and refine 
new methodologies in human genetics; (2) the Human DNA Probe Repository 
established in September 1985; and (3) the National Cancer Institute's 
supercomputer at Frederick, Maryland, which is available for data analysis. 
Clearly, NIH has been actively involved in human genetic research for a very 
long time and is ready to participate in future endeavors, concluded 
Dr. Kirschstein.

* GenBank® is run as a contract to Bolt, Baranek, and Newman (BBN) with a 
subcontract to Los Alamos. A number of government agencies including the 
National Science Foundation, the Departments of Defense, Energy, and 
Agriculture, and units of NIH including NCI, NIAID, NLM, and DRR all provide 
support to GenBank® .
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Department of Energy 

Dr. Charles DeLisi
Director, Office of Health and Environmental 

Research, Office of Energy Research 
Department of Energy

Dr. DeLisi described the current status of Phase I of a proposed two-phase 
DOE project on the human genome. Phase I has three components: (1) the
production of an ordered set of cosmids— a physical map, (2) computerization, 
and (3) robotics. Two DOE National Laboratories— Lawrence Livermore and Los 
Alamos— have already produced a chromosome-by-chromosome set of 40 kilobase 
inserts that is being distributed. The next step is to produce a cosmid 
library for each chromosome, and this is being done. Finally, the libraries 
need to be ordered.

Because data are accumulating so rapidly, new computational methods are 
needed to study known sequences with known functions in order to gain some 
insight into the probable function of related sequences. In addition, a new 
database management system that will allow rapid retrieval of data for 
analysis is needed.

The DOE's role in the development of new techniques to speed the rate of 
sequencing, such as robotics, has not been decided. It is important to 
increase this rate, however, not only because increasing the rate of 
sequencing by two or three orders of magnitude would decrease the cost 
substantially, but also because sequencing would be eliminated as a 
rate-limiting step in the analyses of sequences from multigene families or 
contiguous genes that may span a megabase, for example. The DOE National 
Laboratories have some special technologies that would be useful in this 
effort. For example, the robotics in use for handling the analytical 
chemistry of plutonium can be easily modified for sequencing. The 
microchannel plate, a positron-sensitive amplifier, would reduce the time 
required for the development of X-ray films and eliminate the differential 
mobility problem associated with fluorescent dyes, in use in some sequencing 
machines.

Although Dr. DeLisi acknowledged that most of the current debate seems to 
focus on sequencing, he reiterated that the DOE has not developed firm plans 
for Phase II of its proposed project— the actual sequencing.

Discussion

Dr. Baltimore asked, first, why the DOE is involved in this project and, 
second, what process was used in reaching the decision to establish and order 
cosmid libraries. Dr. DeLisi observed that the DOE has a long-standing 
interest in genetics, as shown by the genetics program at Oak Ridge, and 
probably spends more money on mutagenesis than does any other government 
agency as a result of its genetic monitoring of people who have been exposed 
to toxic environments including radiation. The National Laboratory system, 
which Dr. DeLisi described as essentially the DOE's intramural program,
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receives approximately 75 percent of the DOE's funds. The other 25 percent 
goes to extramural programs at universities, and the mapping project will 
clearly involve work at universities. Dr. DeLisi explained that intramural 
decisions at the DOE are made much as decisions are made at NIH, although the 
DOE review process is retrospective rather than prospective. Extramural 
programs are peer-reviewed by mail.

Dr. Newton asked how the DOE's advances in software are shared with NIH 
and other agencies. Dr. DeLisi replied that there has been a great deal of 
interagency communication through their mutual association with GenBank at Los 
Alamos. He added that even a limited project is complex in terms of 
government organization, that NIH must play a major role, and that the DOE 
stands ready to cooperate with NIH.

In response to a question from Dr. Dowling, Dr. DeLisi stated that the 
mapping, robotics, and computer technology development are expected to cost 
10 to 20 million dollars per year over the next 5 to 6 years. Dr. Rall asked 
whether the DOE is planning to invest additional resources in an accelerated 
effort. Dr. DeLisi expressed his belief that more money should be spent to 
improve analytical and artificial intelligence techniques. He observed that 
any efforts to restructure GenBank® would have to be coordinated with the 
National Institute of General Medical Sciences. Dr. Kirschstein remarked that 
decisions on database management are very complex and depend in part on the 
broader decisions made about the human genome sequencing project.

National Science Foundation

Dr. David Kingsbury 
Assistant Director, Directorate for 

Biological, Behavioral, and Social Sciences 
National Science Foundation

Dr. Kingsbury began by noting that the National Science Foundation (NSF) 
is not now directly involved and is unlikely to become involved in a project 
to map and sequence the human genome, because its mandate does not include 
research related to human disease. Historically, however, the NSF has spent a 
great deal of money to investigate similar fundamental biological questions in 
nonhuman models and will continue to do so on an investigator-initiated basis.

The NSF has certain continuing commitments that are directly related to 
the human genome project. For example, in the area of microchemical 
instrumentation, the NSF has made a very strong commitment to the development 
of the DNA sequencer. Furthermore, the NSF has made additional awards for the 
development of new generations of DNA sequencing instrumentation and 
generation of protein sequencing information. In regard to database systems, 
the NSF is currently supporting the use of existing algorithms and the 
development of new algorithms to gain insights into such areas as restriction 
fragment length polymorphism maps and multifactor analysis.
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As the NSF has an interest in the physical, computer, and information 

sciences, as well as the biological sciences, it deals with an extensive 
community of investigators. There is a growing interest among mathematicians 
and information scientists in the database management problems caused by the 
enormous number of sequences in the human genome. It has been and will 
continue to be a natural activity for the NSF to cooperate with NIH and the 
DOE in resolving these problems.

Howard Hughes Medical Institute

Dr. George F. Cahill
Vice President for Scientific Training and Development 

Howard Hughes Medical Institute

Dr. Cahill described the diverse activities of the Howard Hughes Medical 
Institute in the area of human genetics, beginning with the development of 
probes for restriction fragment length polymorphisms from both disease-derived 
samples and classic Mormon pedigrees. Expenditures for this project, together 
with those for seven or eight other heavily funded projects in genetics, 
approximate 30 to 35 million dollars per year. Perhaps another 10 to 15 
million dollars are spent annually on projects in closely allied sciences 
(e.g., neurosciences and immunology). Because data storage became a problem 
as a result of these activities, the Institute agreed in 1985 to fund Dr. 
Ruddle's computerized Human Gene Mapping Library in New Haven. The result is 
really several loosely connected data banks.

There is now another major data bank, developed by Dr. Victor McKuzick, 
which is a compendium of genetic diseases accompanied by appropriate 
references. As a result of the technical and financial assistance provided by 
the National Library of Medicine, this system can be edited and updated at a 
moment's notice. The Hughes Institute is now trying to expedite the linkage 
of this data bank to the New Haven facility. In addition, because there is no 
question that many major advances in understanding the human genome will be 
directly derived from work on the mouse genome, the Hughes Institute is 
currently negotiating with Jackson Laboratories to computerize its background 
information and link this data bank to the others.

The Institute is also trying to expedite the entry and the editing of the 
data, as well as to develop techniques to monitor the system's function. 
Eventually, it is hoped that this system will be electronically accessible 
nationwide. With time, its management could be transferred to a commercial 
concern, to the National Library of Medicine, or to some other interested 
party.

Dr. Cahill concluded that it is important to ensure that the kind of 
miniconglomerate of genomic mapping and computerization that he described will 
be easily cross-linked. In fact, he said, efforts have already been made to 
ensure international compatibility through coordination with a developing 
group doing mapping in Paris. Again, the Howard Hughes Medical Institute is 
helping to expedite the matter.
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Discussion

Dr. Wyngaarden expressed concern about the compatibility of these multiple 
data banks, specifically in regard to language. He added that NIH has a 
committee to examine the difficulties of coordination and to investigate the 
need for a single clearinghouse to ensure data compatibility and accessibility. 
Dr. Cahill agreed that this is a major problem, declaring that the Howard 
Hughes Medical Institute is trying to fill a great need temporarily.
Dr. Philipson commented that decisions on how much cross-referencing will be 
required between databases must be made now, as it will take perhaps 5 years 
to develop a common computer language.

Dr. Ruddle observed that the New Haven database has been designed to allow 
access by telephone, by Telenet line, and through personal computer terminals 
anywhere in the United States. Furthermore, there has been some success in 
obtaining access to the database from Europe and Canada. Dr. Ruddle added 
that common terms make it possible not only to move freely between databases, 
but also to bring out different combinations of data.

Dr. Merrifield noted that the National Technical Information Service 
(NTIS) inventories federally-funded technology. It has now been cross- 
licensed and will soon become a one-stop world scan database that contains 
approximately 90 percent of the world's technology. It may be possible to use 
NTIS as a device for this important network of databases. It is essential, 
however, to ensure that these databases have a common language.

Dr. Ruddle remarked that, if a database is to be supported at the level 
necessary, a mechanism other than the peer review system must be found.

National Academy of Sciences

Dr. John Burris
Director, Board on Basic Biology 

Commission on Life Sciences, National Research Council 
National Academy of Sciences

Dr. Burris began by stating emphatically that the National Research 
Council, National Academy of Sciences, will neither map nor sequence the human 
genome. Instead, the Council hopes to bring together scientists who can serve 
as an advisory group, providing objective judgments in this area.

At the beginning of August at Woods Hole, the NRC Board on Basic Biology 
brought together a cross-section of biological scientists (e.g., ecologists, 
cell biologists, population biologists, and neurobiologists) to discuss the 
possible mapping and sequencing of the human genome. This group charged the 
Board with the task of examining the areas in which this endeavor, particularly 
mapping, must be coordinated and organized.
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Having received funding from the James S. McDonell Foundation in 

St. Louis, the Board is now forming a committee to carry out the study. This 
committee will include individuals from various areas of biology, not just 
those areas of biology with direct biomedical implications. Dr. Burris 
observed that it is important to include clinicians as well, not only because 
they understand the implications such projects have for disease processes, but 
also because their presence makes it impossible to oversell projects as 
potential producers of miracle cures. Information scientists and others will 
also be included in this group.

The committee has flexibility in developing questions and answering them, 
and expects to submit a report to the Academy in May or June of 1987. In 
order to do so, according to Dr. Burris, the committee must have as much input 
as possible from the Government agencies and private foundations concerned.

Europe

Dr. Lennart Philipson 
Director-General, European Molecular 

Biology Laboratory

Dr. Philipson explained that European scientists approach studies of the 
human genome in much the same way that U.S. scientists do. Most say that it 
is necessary first to establish a genetic linkage map using polymorphic 
markers (which many European scientists believe may become available in less 
than 3 years) and then to create a bridge to the physical map by using 
overlapping cosmids or other biochemical techniques. Most European scientists 
are trying to accomplish this using small regions. Once the physical map has 
been coordinated with the genetic linkage map, a restriction map must be 
constructed to determine where the cDNA is located. Although there is general 
agreement on the value of these mapping efforts, there is no such consensus on 
the usefulness of sequencing.

Management of the rapidly accumulating data involves major biological 
issues that cannot be resolved by computer scientists. Biological scientists 
must determine the most useful format, the cross-reference capacity needed, 
and the kind of information to be kept in the database. Furthermore, 
foresight is needed to ensure enough flexibility in the system to meet future 
needs.

Dr. Philipson stated his firm belief that a worldwide system must be 
established. Every scientist in the world must be able to contribute to it 
automatically. Such a network would require uniform coding, coordinated 
activities, and a method of communication over the computer that would be 
understood around the world.

Noting that machines to sequence DNA automatically are being developed in 
both Japan and West Germany, Dr. Philipson expressed his personal belief that 
it is time to launch a fairly large-scale sequencing program. Such a program,
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he said, would increase the industrialist's interest in developing new 
technology and the computer scientist's interest in collaborating on new data 
management systems.

In conclusion, Dr. Philipson emphasized that a program to sequence the 
human genome should be an international effort.

Discussion

Dr. Raub remarked that a great many misunderstandings could arise if 
projects of this sort were carried out in a format that is not internationally 
acceptable. Dr. Philipson said that a computer communication system must be 
established with coordinating centers in Japan, Europe, and the United 
States. The collaboration between EMBL and GenBank® is so successful, he 
said, that many U.S. scientists are unaware that 50 percent of the sequences 
in GenBank® come from Europe.

Dr. Robbins asked whether biological scientists could learn from the 
experience of the American Chemical Society in dealing with very large amounts 
of information, whether the Society collaborates with international 
facilities, and whether consideration should be given to including the Soviet 
Union in the project. Dr. Philipson responded that data from the chemical 
industry are used all over the world, but declined to make any political 
statements. Dr. Newton observed that there are many precedents for 
international collaboration (e.g., exchanges for planning for treatment 
following radiation exposure) and that it might be useful to examine these 
systems.

When Dr. Halvorson asked about acceptable standards of reliability for new 
sequencing instruments, Dr. Philipson replied that scientists do not yet have 
enough experience with the automatic sequencing machine to determine its error 
rate.

Japan

Dr. Renato Dulbecco 
Distinguished Research Professor 

The Salk Institute

Dr. Dulbecco said that the Japanese scientists are working primarily on 
sequencing, especially on the robotification, or automation, of existing 
sequencing procedures. They are receiving modest support from the Science and 
Technology Council of Japan.

Seiko has produced one machine that operates according to the 
Maxam-Gilbert procedure. This machine can sequence 5 kilobases per day. A 
second machine, which is almost finished, uses the Sanger dideoxy method. It 
is expected to sequence 300 kilobases per day and to reach a capability of 
sequencing one megabase (one million bases) per day. Other Japanese advances 
include the Fuji Film Company's prepacked gel film for separating DNA, which
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will accelerate the sequencing process. Hitachi and Seiko are competing with 
each other to develop scanners and computers for reading the gels. The 
estimated error rate with the Maxam-Gilbert machine is less than 1 percent for 
one reading of 200 bases. The Japanese believe that this error rate can be 
reduced, however.

With this type of efficient sequencing, it seems that the human genome 
could be sequenced in 3,000 days, or 10 years. Such an operation would 
require approximately 25 people working in three shifts to ensure that the 
machine operates continuously. Dr. Dulbecco said that he did not know if the 
machine had been tested over a long period of time, however.

Discussion

Dr. DeLisi commented that the science attache at the Japanese embassy had 
asked him to mention the Japanese interest in cooperating in this project.
Dr. Baltimore asked how much of the Japanese program has been dependent on 
Government stimulation or support. Dr. Cahill remarked that the endeavor 
appeared to be supported primarily by industry. Dr. Neel, however, suggested 
that the Government coordination of the Japanese effort is far greater than it 
may seem; he based this comment on remarks that had been made to him some 
years ago by a representative of the Fuji Film Company.

Discussion

Dr. D. Bruce Merrifield 
Assistant Secretary for Productivity, 

Technology, and Innovation 
U.S. Department of Commerce

Dr. Merrifield began by saying that this is the first time in 10,000 years 
of civilization that humans have had the capacity to upgrade their quality of 
life and that it is necessary to organize the endeavor effectively in order to 
take advantage of this opportunity. He described what he called a four-stage 
stochastic process of communication: (1) database development, (2) discussion,
(3) consensus, and (4) concerted action. In regard to the human genome, the 
scientific community is partly in the first stage, partly in the second. It 
is important to recognize that, without a good database, it is not possible to 
have an effective discussion, reach a consensus, or take concerted action.

In discussing the need to proceed on parallel tracks of effort 
simultaneously and to identify various options, Dr. Merrifield said that it is 
possible to pool resources and capabilities, multiply the effort, and still 
maintain current initiatives. The participation of industry in this project, 
for example, would not only be beneficial to the project, but also would have 
extraordinary commercial potential.
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The process of an international collaborative effort, which Dr. Merrifield 

strongly endorsed, can be determined only after the database is understood.
At that point, task forces that include representatives of all the disciplines 
and interests could be established for each parallel track of effort and 
challenged to develop specific milestone activities and to identify the 
necessary funding.

The Government, Dr. Merrifield said, should play the role of a catalytic 
agent— removing barriers, providing incentives, and running interference. The 
U.S. Government currently spends 10 times more than any other government 
spends to expand the basic pool of knowledge. Even more will be necessary in 
the next 10 years.

Discussion

Dr. Halvorson commented that he was pleased to hear such optimism, but 
cautioned against promising the public what cannot be delivered.
Dr. Merrifield declared that, because the project is basic research, there is 
no need to make promises. Nobody can predict the opportunities and 
initiatives that will surface. Dr. Wexler (President, Hereditary Disease 
Foundation) agreed that overselling could be a great danger; she added, 
however, that doing nothing could be an equal danger, as many NIH constituents 
and professional associations look to the Advisory Committee to determine 
their own attitudes toward the research. If the Committee fails to act in 
order to avoid overpromising, the potential participation of these groups may 
be lost.

Dr. Merrifield noted that the vertically integrated consortiums put 
together by the Japanese to target selected industries are very effective 
because they take advantage of low-cost investments, a stable monetary and 
fiscal policy, and, therefore, an incentive for longer term investment. If 
the U.S. Government can maintain a stable fiscal and monetary policy, the 
climate will be much more favorable for entrepreneurial activity and for the 
support of fundamental research. The United States has a clear responsibility 
for leadership, Dr. Merrifield concluded.

SECOND DAY

Informatics: Database Management and Analysis

Dr. Donald A. B. Lindberg, Session Chairman 
Director, National Library of Medicine

Like biotechnology, began Dr. Lindberg, the science of information 
systems— informatics— is a very rapidly growing field. Many of the 
developments in informatics can be applied to biotechnology. The estimate of 
3 billion nucleotides presents a large database in terms of biological 
discovery processes, but this figure need not be intimidating; it is only 
10 percent of the current size of the MEDLAR files. Although queries against
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biotechnology databases are extremely complex and sophisticated, the 
development of factual databases rather than bibliographic databases is in 
tune with the needs of biotechnology.

GenBank® was a sensible system at the time it was built, Dr. Lindberg 
noted, but it is not an advanced, modern system that is capable of meeting 
current needs and proposed future needs. Not only is a system to allow the 
on-line entry of sequences needed, but also on-line systems are now beginning 
to bypass many of the old steps used by publishers (e.g., indexing) at a rate 
much faster than had been anticipated. Dr. Lindberg stressed that information 
systems in biotechnology should be designed through collaboration of 
informaticians with active users. Such systems may include artificial 
intelligence techniques, allowing systems to answer questions that were 
unimagined at the time of the system's design, and parallel processing, 
allowing an entire database to be examined without increasing the time and 
cost of processing.

In regard to the problem of the varying nomenclature among different 
computer databases, which was discussed in the National Research Council 
report Biotechnology Nomenclature and Information Organization, it has been 
concluded that a standardized subject vocabulary and uniform nomenclature are 
indeed necessary. The authors of the report also endorsed Dr. Philipson's 
recommendation that investigators be encouraged to submit data directly to 
designated databases.

Dr. Lindberg concluded by expressing the willingness of the National 
Library of Medicine to establish a National Center for Biotechnology 
Information to design, develop, implement, or manage systems for the 
collection, storage, and analysis of information concerning human life or 
biology, should Representative Claude Pepper's bill authorizing the 
establishment of such a center be enacted.

Currently Available Resources

Dr. Russell F. Doolittle 
Professor, Department of Chemistry 
University of California, San Diego

Dr. Doolittle strongly opposed the idea of postponing efforts to sequence 
the human genome until the instrumentation could be improved. He stated that 
sequencing has provided more information about the human genome in the past 10 
years than has any other experimental approach, although he conceded that the 
information derived from sequencing efforts was built on research conducted 
during the 25- to 30-year precursor period. In view of the knowledge to be 
gained, Dr. Doolittle said, the real question is not Whether to sequence the 
human genome, but how to gather the necessary resources and sequence the 
genome in an orderly fashion.
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Declaring that it is senseless to collect data that cannot be made 

available for analysis and distribution, Dr. Doolittle said that, in general, 
working scientists in many areas are already finding it difficult to remain 
abreast of newly catalogued information and that this situation must be 
rectified. Therefore, the development of appropriate information management 
systems must have top priority in a project to sequence the human genome.

Dr. Doolittle described GenBank® as the most underfunded of all 
resources in the biomedical community; its current annual budget is less than 
the cost of one good parallel computer. Thus, GenBank® has barely enough 
money to collect data and virtually no money to develop software that would 
expedite the use of the collected data. These activities must go together, 
however, according to Dr. Doolittle.

In discussing the Pepper bill, Dr. Doolittle said that the funds allotted 
to the creation of a National Center for Biotechnology Information— 10 million 
dollars initially— are woefully inadequate. Noting that sequencing led to 
such discoveries as the recent location of the gene for retinoblastoma,
Dr. Doolittle urged the scientific community to seek greater resources so that 
sequencing can continue and to invest these resources first in an information 
storage, analysis, and dispersal system.

Existing Technology. Future Needs

Dr. Allan Maxam
Assistant Professor, Department of 

Biological Chemistry 
Harvard University School of Medicine 

Dana-Farber Cancer Institute

Commenting that the potential project to sequence the human genome is 
ultimately likely to affect work on other genomes as well, Dr. Maxam focused 
on the value to other biological scientists of information obtained on three 
dimensions of the human genome: (1) gene expression, (2) variations or
change, and (3) distribution. In regard to the physiological aspect of 
expression, Dr. Maxam said that it is not as difficult as it may seem to 
extract information concerning an agent's effects on cloned genes, once that 
information has been collected and classified in GenBank®. He predicted 
that more and more scientists, including those interested in developmental 
biology, evolution, physiological cycles and responses, gene control, and 
perhaps even nonhereditary diseases, will be extracting information on 
expression in order to identify any common regulatory sequences among those 
genes. For example, of about 14 sequenced genes the expression of which is 
altered by alpha-interferon, 12 have a common 5' starting region. This may 
imply a common regulatory mechanism.

The potential usefulness of two- or three-dimensional protein arrays is so 
great that it almost demands an effort to link them to genetic maps of the 
human chromosome, according to Dr. Maxam. There is great promise, he said, in
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current efforts to display and map proteins in three-dimensional gels which 
resolve on the basis of mass, charge, and concentration. This approach can be 
used to examine disease states; responses to hormones; and immunogenic, 
carcinogenic, and toxic effects of drugs.

The distribution of alleles and protein variants on chromosomes has 
already been used to examine different strains of influenza, a matter of 
definite interest to epidemiologists. Similar distribution studies may permit 
marine biologists to analyze more precisely organisms in the marine food chain 
and anthropologists to determine the origin of certain populations with unique 
characteristics.

In conclusion, Dr. Maxam said that the technology to explore the 
expression of genes is of most use to studies of developmental biology. He 
suggested, however, that a human genome project should be designed with 
consideration of its relationship to other biological and medical sciences, 
and that scientists from various disciplines should be involved.

Discussion

Dr. Starmer remarked that the many personal computers in various offices 
could be considered a very loosely interconnected, moderately massive, 
parallel processing system for analysis of sequences. If that kind of 
computing base were combined with a way to distribute information, individual 
investigators could accomplish a great deal. He suggested that enormous 
amounts of information could be stored on compact discs, for example, and 
distributed to the large number of potential users who do not now have access 
to the information in GenBank® and BIONET. In view of the volume of 
information that a human genome project will produce, Dr. Starmer proposed 
that file formats compatible with smaller systems should be developed.
Dr. Lindberg remarked that such a distribution scheme is very reasonable, 
as scientists often want specific subsets of the entire database.

Later, Dr. Ruddle stated that the data in GenBank® are now available 
on floppy diskettes and in IBM personal computer format. In addition, GenBank 
is now exploring the possibility of distributing data on compact discs. 
Although the data are currently available to approximately 25,000 scientists 
worldwide, their useful availability could be increased significantly through 
the application of advanced computer and information technology, concluded 
Dr. Ruddle.

Dr. Newton endorsed the use of artificial intelligence techniques because 
the ultimate questions to be asked of a database are unknown at the time of 
its design. Furthermore, she said, it is necessary to interweave software for 
data extraction and analysis into the database planning. Dr. Doolittle 
replied that there is no need to wait for the development of artificial 
intelligence techniques and new software, because they are not required for 
the initial routine work of automated analysis. He said that the somewhat 
serendipitous discoveries of astonishingly similar sequences in the past 5 
years, such as in rhodopsin and the beta-adrenergic receptor, should now be 
enhanced by automatic comparisons of newly determined sequences with sequences
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in the data banks; such comparisons should produce not only a list of similar 
sequences, but also a classification of the proteins or genes being analyzed. 
This is primarily a logistical and organizational problem, he said, as all the 
required tools are currently available; it is a matter of gathering together 
informaticians and molecular biologists, and of adequate funding.

Commenting that Dr. Maxam had made a very effective case for comparing 
organisms from a broad spectrum, Dr. Halvorson suggested that it may be 
necessary to focus on molecular domains in an evolutionary context in order to 
use information more efficiently. In reply, Dr. Maxam said that much of the 
work in this area involves the origin of the introns that divide the genes and 
their possible correspondence to functional domains, but that other kinds of 
experimentation are required to identify the functional domains. Although the 
structural domains are likely to be determined very soon for most proteins, 
the determination of functional domains, Which are probably the primary bases 
for evolution, presents greater problems.

Dr. Epstein observed that everyone seemed to agree on the need for 
improved computer facilities, but asked for more specific recommendations.
In response, Dr. Masys (NLM) stated that a centralized information management 
system for molecular biology data has four functional components: (1)
acquisition, (2) representation, (3) distribution, and (4) analysis. He 
explained that data must be acquired in a coordinated fashion, in a uniform 
format, and with automated tools. Varieties of data representations are now 
limited; it is necessary to develop systems that allow multiple representations 
because different representations are optimal for different purposes.
Similarly, Dr. Masys continued, distribution requires a wide array of models. 
The information management system not only should allow central access to the 
database, but also should include work stations where series of subsets can be 
culled from the central facility. In addition, a method of data-only 
distribution is needed for investigators who want plain, unvarnished data. 
Finally, provision must be made for data analysis through investigator-devised 
algorithms, using common data resources, to answer questions that cannot be 
asked of today's computers. Dr. Masys added that the Lister Hill Center is 
already beginning to work on these four components in a local arena, but that 
some need to be dealt with at a higher level. For example, data acquisition 
on an international scale requires a central mandate.

Dr. Doolittle, raising the issue of three-dimensional molecular 
structures, said that the problems are enormous and that it will be a long 
time before sequences can be converted automatically by computer into 
three-dimensional structures. He questioned the need to do so, however, as 
studies of protein evolution indicate that most proteins are based on a 
reasonably small number of prototypes, many of which are still resident in the 
human genome. Even today, a knowledge of the three-dimensional structure of 
one protein makes it a relatively simple matter to build a model of a 
companion protein. Therefore, Dr. Doolittle said, searching sequence 
identification banks alone will result in a greater understanding of the 
evolutionary aspect of proteins and molecular model building. He concluded by 
expressing his belief that analyses should be built into the information 
management system, rather than initiated by individual investigators.
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Research and Development: Interrelated Technologies

Dr. Francisco Ayala, Session Chairman 
Professor, Department of Genetics 

College of Agriculture and Environmental Sciences 
University of California at Davis

The basic problem, began Dr. Ayala, is that there are 8 billion unique 
human genomes of 3 billion base pairs each, and thus, 24 x 1018 nucleotide 
bases to be sequenced. It is a fair estimate that 20 to 30 percent of these 
bases are polymorphic, which makes them relatively ambiguous. Clearly, the 
problems of information acquisition, storage, retrieval, and distribution are 
great.

Improved Physical Mapping

Dr. Charles R. Cantor 
Professor and Chairman, 

Department of Genetics and Development 
College of Physicians and Surgeons 

Columbia University

Techniques for physically mapping genomes are being developed rapidly,
Dr. Cantor began. He recommended that development and applications be 
simultaneous, preferably in the same laboratory, first, because the 
intellectual excitement of developing faster and more elegant ways of mapping 
relieves the boredom of sequencing, and second, because the development of 
strategies in a vacuum fails to provide an impetus for creativity and 
efficiency.

According to Dr. Cantor, fairly substantial improvements in the speed and 
cost of physical mapping will appear in the near future, including (1) the 
ability to separate the intact DNA molecules from entire human chromosomes, 
either by flow sorting, electrophoresis, or techniques still to be discovered; 
(2) the ability to clone large DNA fragments; (3) the ability to cut DNA with 
more controlled specificity into discrete large fragments; and (4) the design 
of schemes to purify large DNA fragments based on sequence information.

After reviewing the search for the Huntington's disease gene as he had 
described it on the first day, Dr. Cantor explained a large-molecule technique 
in which pulsed field gels are used to resolve very large DNA fragments 
obtained through partial digestion. This strategy makes it possible to map 
five DNA fragments in a single experiment and facilitates the completion of 
the map.
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Although it is not yet possible to separate intact human chromosome DNA 

molecules, the DOE National Laboratories at both Livermore and Los Alamos are 
working on strategies for flow sorting chromosomes without breaking the DNA. 
This approach has not been perfected, but it has already produced pieces of 
DNA that are significantly larger than those that were previously available. 
When the DNA from an intact chromosome becomes available, it will be possible 
to break it into progressively smaller pieces with enzymes; such a 
hierarchical approach will eliminate much of the redundancy required in 
current efforts to construct a physical map of the human genome and will 
possibly eliminate as well the need for cloning.

There are currently available restriction nucleases that yield large DNA 
fragments, but a much larger set of these enzymes is really needed. At least 
one private company, partially supported by the National Science Foundation, 
is close to identifying more of these enzymes.

Michael McClelland devised a clever strategy to create unique cutting 
sites by using certain enzymes that methylate DNA and, in turn, using the 
methylated DNA to enhance cutting specificity. Enzymes such as Dpnl and TaqI, 
for example, can be used to create eight-base or ten-base cutting sites, 
respectively. These enzymes are not easy to use on high molecular weight DNA, 
but Dr. Cassandra Smith has succeeded in doing so.

Dr. Cantor then explained a recently developed mapping technique that is 
based on the work of David Patterson and his colleagues at the University of 
Colorado Medical School. A hybrid cell line is generated in which a small 
fragment of a single human chromosome is incorporated into a rodent cell.
High molecular weight DNA can be extracted from these cells, cut with 
restriction enzymes, and examined by using a repeated human sequence (e.g., 
alu) to identify almost every large DNA fragment, thus making it possible to 
fingerprint the DNA in the cell line. If a series of such cell lines could be 
generated using a selectable marker and if the DNA from these cells could be 
kept from being badly fragmented close to the marker, a pattern of large 
molecular weight fragments would be seen, and maps of these fragments could be 
constructed. The beauty of this approach, according to Dr. Cantor, is that it 
requires no cloning. The general applicability of this technique and the 
feasibility of manipulating many such cell lines remain to be seen. Initial 
results are encouraging, however, and this technique is relatively easy to use.

In conclusion, Dr. Cantor advocated the construction of a complete map of 
the human genome on the ground that a complete map will show patterns and 
functional organization that cannot be identified by mapping small sections of 
the genome.



26
Cloning of Megabase Fragments

Dr. Ronald W. Davis 
Professor, Department of Biochemistry 

School of Medicine 
Stanford University

Dr. Davis began by reiterating Dr. Cantor's statement that the entire 
human genome should be genetically and physically mapped. The development of 
new technology, Dr. Davis declared, has caused more and more people to believe 
that a complete map is a realistic possibility.

Most of the information obtained from the human genome thus far has not 
dealt with function. Recently, however, expression vectors have been 
developed to focus on the DNA sequences that correlate with functions. When 
polymorphism markers have been located throughout the entire genome, each 
chromosome will be highly marked; presumably, the resolution distance between 
markers then could be reduced to a centimorgan, which is approximately one 
megabase. This is about the size required to determine the function of a 
particular locus.

As one megabase is the size of a yeast chromosome, and the autonomously 
replicating sequences (ARS) required to maintain a yeast chromosome have been 
found in human DNA, it is possible to maintain a foreign DNA molecule in yeast 
as an artificial chromosome. Such artificial chromosomes are unusual in that 
the larger the cloned DMA, the more stable they become. Furthermore, 
increasing the density (greater than 1 ARS/lOOKb) of the ARS increases this 
stability. Fortunately, ARS occur approximately every 50 kilobases in 
eukaryotic DMA and are functional in yeast. Thus, only centromeres and 
telomeres must be added, an easy process. This kind of design has been tested 
by insertion of 120 kilobases from the herpes simplex genome into yeast and 
the herpes sequences remain stable. Therefore, this approach will be tried 
next with very large human DMA sequences. Dr. Davis pointed out that these 
artificial chromosomes in yeast can be physically mapped at a megabase size 
range by analysis of transformants using a newly developed vector.

Progress has been made, Dr. Davis said, in learning to handle very large 
DMA molecules. An apparatus called a contour clamp has been devised to apply 
homogeneous electrical fields to gel systems in order to isolate DMA 
molecules, determine their properties, and establish calibration standards. 
Using this apparatus, it is very easy to work with molecules as large as 6 
million base pairs without degrading them. Much more care is required to work 
with larger molecules; some breakage occurs in molecules that are in the 10 
megabase range. Even so, molecules of 1 million base pairs can probably be 
manipulated as easily as smaller restriction fragments.
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Somatic Cell Genetics and Chromosome Mapping 

Dr. Frank Ruddle
Professor, Department of Biology 

Yale University

Somatic cell genetic mapping is a reductionist approach to mapping,
Dr. Ruddle began. It is possible, for example, to create a hybrid cell line 
from whole genomes of two species. Eventually, as a result of chromosome 
segregation and loss, only partial genomes remain in the hybrid cells. These 
can be used to associate phenotypes with the remaining chromosomes. Other 
approaches include the creation of microcells from the donors. This 
simplifies and accelerates the loss of chromosomes. Strict DNA-mediated 
transformation is not useful for mapping because the fragments involved are 
too small. The actual mapping is done by correlation; a specific gene probe 
is used to demonstrate a correlation between a chromosome and its phenotype.

The reductionist approach is also used to map genes to a small region of 
the chromosome and establish the order of different genes along the length of 
the chromosome. In this case, the procedure involves the identification of 
gene translocations that are found in families and can be followed through 
various cell lines. Well over 300 of these translocated cell lines have been 
collected and are available to investigators through the Human Genetic Mutant 
Cell Repository, which Dr. Ruddle described as a model resource due to the 
fact that a committee of investigators who actually use the Repository also 
directs its development.

The approach described, together with in situ hybridization, makes it 
possible to develop a coarse map of the location of genes and their 
relationships to each other. The challenge is to improve the resolution of 
such a map. According to Dr. Ruddle, the somatic cell hybridization technique 
is comparable to a cloning procedure, except that host cells carry the 
chromosome or subchromosomal fragment. The approach can also be used to study 
fragment recombinations within cells. Finally, the small fragments within 
host cells can be subjected to pulsed field gradient analysis for size 
determination.

Dr. Ruddle declared that the most important reason for constructing a map 
of the human genome is that map positions for genes provide a means to 
generate and test biological hypotheses. Another purpose is to provide an 
identity for genetic elements so that their full significance can be 
understood. Even its most severe critics, Dr. Ruddle noted, seem to agree 
that a project to map and sequence the human genome is feasible and would 
produce valuable information. Furthermore, the lay public appear to have a 
remarkable understanding and enthusiasm for the project, perhaps because lay 
persons perceive that it provides benefits without risk— a unique situation 
for a scientific endeavor.

Acknowledging that there are indeed risks, Dr. Ruddle defined them as two 
primary concerns: (1) the project will subtract from an already inadequate
pool of research funds, and (2) the project may change the practice of
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science. He suggested as one possible solution to these problems the 
formation of an international consortium, involving governments, foundations, 
and private industry. He also recommended the creation of an institution 
specifically to direct and coordinate these activities, because a separate 
entity might eliminate some of the concerns about competition for funds and 
alterations in the practice of science. Finally, Dr. Ruddle suggested a 
modest pilot project in sequencing to improve the technology and to identify 
the problems.

Discussion

Because mapping methods are themselves still evolving, Dr. Francis Collins 
urged that a number of parallel pilot projects be undertaken simultaneously.
It is important to determine the general applicability of an approach before 
most or all of the available resources are committed to it, he declared.

Dr. Kelley commented that it should be stated explicitly— for the 
record— that a good map of the human genome will accelerate by decades, if not 
by centuries, the ability to define the specific nature of essentially every 
human genetic disease. Although the focus is often on inborn errors of 
metabolism, he said, many multifactorial diseases have a genetic component 
that could be understood more quickly if a map of the human genome were 
available. At this time, the field of human gene therapy is primitive, but it 
is certainly conceivable that it will eventually be possible to target 
specific genes and correct specific disorders— even without knowing precisely 
the function of the protein or the pathophysiology of the disease. Dr. Ruddle 
agreed, stating that finding the map position of a gene of unknown function is 
the first step to its isolation.

Dr. Ayala, characterizing the sequencing of the entire human genome as a 
descriptive approach to a problem, expressed some doubt about its value in 
terms of cost/benefit. He did not challenge the idea that sequencing the 
entire human genome would provide a great deal of information, only the idea 
that scientific truth will eventually emerge from the data. He questioned 
whether the increase in actual knowledge would keep pace with the increase in 
the accumulation of data.

Dr. Neel declared that sequencing and mapping the entire genome would 
indeed have a practical value. An armamentarium of several thousand probes 
for medically significant genes would facilitate studies of the effects of 
radiation and pollution on the human genome, for example. The Environmental 
Protection Agency (EPA) is writing very expansive regulations based on an 
inadequate database, he said, and improving the database will improve the 
regulations. As the EPA is a federally-funded agency with a research program, 
it may support a sequencing and mapping project in its own interests.

Dr. Epstein pointed out that mapping and sequencing are not mutually 
exclusive endeavors. It is possible to sequence a large portion of the human 
genome simply by sequencing the pieces of DNA which are known genes.
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The Role of NIH

Dr. James B. Wyngaarden, Session Chairman 
Director, National Institutes of Health

Dr. Wyngaarden observed that there were several points of consensus in the 
earlier discussions. First, it would be valuable to know the entire sequence 
of the human genome, not merely for the taxonomy, but for a correlation of 
gene product structure and function. Second, it is feasible to sequence the 
entire human genome, with the possible exception of the final 10 percent. 
Third, information handling is already a major problem, and it may be 
necessary to assign top priority to resolution of this problem— regardless of 
what other decisions are made in regard to this project.

There are a variety of possible strategies, noted Dr. Wyngaarden. One is 
to continue the present course of supporting projects that are linked to a 
functional interest, such as a hereditary disease. Another is to accelerate 
the effort by creating a program for gene mapping that involves not only 
Government agencies, but also industry and international organizations. An 
attempt could be made to sequence completely one or two chromosomes as a pilot 
program. Finally, a decision could be made to effect an organizational system 
to map the entire human genome as rapidly as possible.

Although there was little general discussion of cost, Dr. Wyngaarden 
continued, it was suggested that mapping might be possible for as low an 
average cost as 20 million dollars per year for 5 years. As NIH has many 
commitments to programs in this range, this figure is not frightening. It 
would be difficult, however, to commit a sum as large as 3 billion dollars to 
a sequencing project unless additional Federal funds could be obtained.

Discussion

Dr. David Botstein* 
Professor, Department of Biology 

Massachusetts Institute of Technology

Everyone agrees that as much as possible should be done as quickly as 
possible to define the nature of hereditary diseases, Dr. Botstein began.
This sort of research requires neither a physical map nor a sequence, however, 
but can be done through familial studies and studies of RFLPs. If the goal is 
to find genes efficiently, a physical map is clearly required. Therefore, the 
purpose of an investigation determines the appropriate level of detail needed 
for the investigation.

The value of sequencing areas of the human genome that are not around 
genes is an open question, Dr. Botstein said. He suggested that an effort be

* Dr. Botstein substituted for Dr. Baltimore.
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made to determine how much of the 67 percent of the human genome that consists 
of noncoding areas is likely to he of major interest. He emphasized that 
knowing the sequence of an area that has been studied for its physiological 
significance is very different from knowing a random sequence.

Dr. Botstein noted that there are two standard methods for determining the 
importance of a particular stretch of sequence. One is based on its 
expression; the other, on the extent of its conservation. For example, a 
sequence that occurs in all organisms from the human down to the mouse is
likely to be important. Thus, it is vital not to overlook the genomes of
other organisms in any project to sequence the human genome, as such an 
omission may eliminate major tools.

Dr. Botstein identified two major problems that would arise in any crash
program to map and sequence the human genome. First, plans would have to be
made for use— not just storage— of the information obtained. Second, theory 
would have to be developed in the area of sequence comparisons, as existing 
theory in this area is inadequate, according to Dr. Botstein.

In conclusion, Dr, Botstein declared that he believes the genius of 
American science to be based on the opportunities for creative young people to 
seek funding and pursue their own unique ideas without the permission of their 
immediate superiors. Although he described sequencing the human genome as a 
fantastic goal, he cautioned against establishing a rigid, authoritarian crash 
program in which those who might make the most progress would be unwilling or 
unable to participate. Because of these concerns, Dr. Botstein opposed a 
centralized megaproject.

Dr. Wyngaarden reiterated Dr. Botstein's support for proceeding under the 
peer review system.

Discussion

Dr. Alexander Rich 
Sedgwick Professor of Biophysics 

Department of Biology 
Massachusetts Institute of Technology

It is obvious that the entire human genome will be sequenced, Dr. Rich 
began— the only question is how. The information will lead to enormous 
discoveries that cannot be anticipated. Furthermore, it may be argued that 
some of the greatest insights and observations will come from so-called silent 
regions that have no known function.

Dr. Rich commented that the philosophy behind the Japanese sequencing 
machine is simply to robotize the existing process. Describing the Japanese 
interest in this project as a desire to participate in what they perceive as 
an international effort, Dr. Rich said that they will probably be willing to 
make multiple machines. He suggested that Federal monies be used to stimulate 
the development of new machines in the United States as well.
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The Soviets are eager to join in an international effort, according to 

Dr. Rich. The Europeans also want to participate.

Dr. Rich declared that remarkable technological developments have occurred 
even in the relatively short time period in which the project to map and 
sequence the human genome has been discussed. It is necessary now to set up 
an organization that will ensure continued orderly progress. Therefore,
Dr. Rich proposed that a consortium of Government agencies, foundations, and 
private industries be established to act as an information and communication 
system. This consortium could also serve as a liaison to groups in other 
countries.

Dr. Rich agreed with Dr. Botstein that science in the United States is 
well served by polycentric funding that provides creative people with an 
opportunity to develop different ideas. Thus, he recommended that the 
consortium participants have their own funds and procedures, maintaining the 
current, desirable diversity which has nurtured the development of many 
experimental approaches to today's problems. In this opinion, he opposed 
Dr. Ruddle's recommendation that a separate entity be created to direct and 
coordinate a project to map and sequence the human genome.

Some aspects of the project can be addressed immediately, Dr. Rich 
observed. As examples, he cited problems with existing information management 
systems and the development of an ordered overlapping physical map. These 
activities do not require a large increase in NIH funding, Dr. Rich said. NIH 
already funds the underlying science in this area at a level of 200 to 300 
million dollars each year, and this should allow changes in emphasis as part 
of the natural evolutionary process of science. Furthermore, the DOE may want 
to contribute significant sums of money to participate in these activities.

Although he was not in favor of a greatly accelerated program to map and 
sequence the human genome, Dr. Rich recommended proceeding with the 
construction of physical maps of the genomes of the human and other 
organisms. He expressed his belief that the Congress and the public would 
support such an effort because it represents another dimension for addressing 
problems of human disease.

Discussion

Dr. Renato Dulbecco 
Distinguished Research Professor 

The Salk Institute

Dr. Dulbecco began by observing that a great deal of emphasis has been 
given to the reasons for mapping, but that little discussion has focused on 
the reasons for sequencing. There are, he said, two primary reasons for 
sequencing. First, studies of lower organisms suggest that the organization 
of genomes has tremendous functional significance. Second, sequencing may 
make it possible to identify genes about which nothing is known and even to
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understand their function. It is impossible to identify the genes that 
determine the development of a heterogeneous organ such as the brain by 
standard methods, for example; it would be necessary to take the reverse 
approach and start working from the genes to try to establish the regulation 
of their expression. Sequencing is necessary to find those genes, however.

Dr. Dulbecco was not in favor of delaying the start of a sequencing 
project until technology improved. Rather, he declared that the sequencing 
effort would provide the motivation for the development of the necessary 
technology. Thus, he recommended that both activities begin on a moderate 
scale; he opposed a crash program.

Once a sequencing program has been initiated, Dr. Dulbecco said, much of 
the activity is purely technical. Thus, it may be possible to separate this 
activity from the more creative work, such as devising strategies and new 
techniques.

Alterations in the present distribution of funds as a result of this 
program are inevitable, according to Dr. Dulbecco. It is necessary to accept 
the fact that ideas and interests change. Such shifts should occur gradually, 
however, so that people have time to adjust.

Discussion

Dr. Botstein observed that a genetic map of the human genome is almost at 
hand; its construction would probably be facilitated by increased funding, or 
even some centralization, but it will be available in a couple of years, in 
any case. Sequencing, Dr. Botstein said, added very little to this effort. 
Furthermore, Dr. Botstein strongly disagreed with Dr. Dulbecco's philosophy 
that, in order to learn about a particular human gene, it is necessary to work 
directly on the human genome. He argued that the homology with lower animals 
provides valuable comparative information in this regard and that it would be 
a mistake to focus exclusively on the human genome.

Commenting that no one has called for any sort of compromise on the 
comparative approach to sequencing, Dr. Doolittle stated his belief that 
sequencing the human genome will have a positive effect on the evolutionary 
approach. Within the next 2 or 3 years, the entire E. coli genome will be 
available, and it will be a valuable resource in the subsequent study of the 
human genome. Similarly, a knowledge of the human genome will be valuable in 
the study of other genomes. Dr. Botstein agreed that the E. coli genome will 
be useful, but said that the human genome will not be helpful in the study of 
lower organisms unless the functions of the human genes are known. Dr. Raub 
agreed that the human genome should not be sequenced at the expense of general 
biological studies.

Dr. Philipson remarked that everyone seems to agree that the human genome 
will be mapped and sequenced eventually; the main point of disagreement 
concerns the time factor. He proposed that perhaps 2 million dollars be spent 
over 1 or 2 years to establish a national committee to investigate the 
feasibility of an accelerated human genome project. This committee could
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obtain a consensus on information technology that would not be possible 
through the peer review system alone. Dr. Rich agreed that the kinds of 
funding changes needed to get this program under way are well within the range 
of normal budgetary changes, although he said that more than 3 million dollars 
is likely to be spent on facilitating the organization of such an effort.

Dr. Palade declared that a quest for more extensive knowledge is fully 
justified. It may not be necessary to sequence the entire genome to obtain 
information on organogenesis, for example, but it is necessary to start. In 
regard to the project’s organization, Dr. Palade said that the key issue is 
targeted funding, that is, funding ascribed specifically to this project. He 
added that the project to sequence the human genome should not be undertaken 
at the expense of present efforts.

Dr. Cook-Deegan, Office of Technology Assessment COTA), informed the 
Committee that several members of Congress have asked for information on 
efforts to map and sequence the human genome. He said that OTA will be 
preparing a document on the mapping project for people who, like members of 
Congress, are not experts in the field, but are interested in the issue. The 
OTA will attempt to determine the technical consensus and relate it to matters 
of policy. Dr. Cook-Deegan noted that Congress' questions did not focus on 
funding, but on ways to encourage interagency and international cooperation.

In reporting points of consensus reached at a meeting of the National 
Advisory General Medical Sciences Council, Dr. Halvorson described a general 
enthusiasm for the role that NIH and the Councils play in supporting modern 
genetic analysis, the project to map the genome, and the development of 
improved technology. The Council is opposed to random sequencing, preferring 
to emphasize those regions of medical interest. There is also some concern 
about the organization of data banks. Finally, the Council strongly supports 
the peer review system. Dr. Halvorson suggested that the interagency 
Biotechnology Science Coordinating Committee (BSCC), cochaired by 
Dr. Wyngaarden and Dr. Kingsbury, could serve as a model for the efficient use 
of limited resources. In conclusion, Dr. Halvorson endorsed Dr. Raub’s 
suggestions for defining questions about this project.

Dr. Newton observed that the pluralistic, investigator-initiated approach 
has worked well for NIH and should be continued in the area of truly 
innovative research. International cooperation may prove most effective in 
activities that support research, such as the actual sequencing. Dr. Newton 
favored Dr. Wyngaarden's suggestion that one or two of the smaller chromosomes 
be sequenced completely as a pilot program and endorsed a close collaboration 
of biologists and information scientists in solving the problems of data 
management. In addition, she commented that, because molecular biologists and 
geneticists need a strong mathematical background for this project, it may be 
necessary to target mathematical skills in their training. Later,
Dr. Kingsbury said that the NSF has already initiated such a program.

Because of funding constraints, Dr. Bluitt favored a consortium approach 
with NIH in the role of catalyst. Although undecided about a crash program, 
she did not support a very long range program either. Dr. Bluitt expressed
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concern about public misperceptions of the human genome project and 
recommended that an effort be made to educate the public about the benefits of 
such a project. Dr. Epstein and Dr. Wyngaarden agreed that it is very 
important to keep the public fully informed of the real benefits of this 
project.

Dr. Rich estimated that a large portion of the human genome will have been 
sequenced in 15 or 20 years. The introduction of more efficient machines, in 
perhaps 5 or 6 years, will facilitate the actual sequencing. Until the 
machines are available, Dr. Rich suggested focusing on the construction of the 
map and the organization of the project.

Dr. Kingsbury commented that discussions on a Government-wide consortium 
have already begun. It is necessary to keep in mind, he said, that planning 
is now under way for fiscal year 1989. Dr. Wyngaarden agreed, observing that 
no decision on this project could be fully implemented until that time.

Dr. Cahill reiterated that data management must have top priority. He 
added that there must be an international forum to manage the information 
obtained in this project.

Dr. Wyngaarden declared that the Committee had reached a remarkable degree 
of consensus on the key elements of the project. An NIH committee will be 
appointed to evaluate all proposals and to make recommendations on the future 
decisions and actions of NIH in this regard.

In closing, he thanked all participants and staff for their efforts and 
asked that the Advisory Committee reserve May 5-6, 1987* for the next meeting 
which will address the health of the universities.

I hereby certify that, to the best of my 
knowledge, the foregoing minutes are 
accurate and complete.

James B. Wyngaarden, M.D., Chairman, 
Advisory Committee to the Director, NIH

* Since changed to June 15-16, 1987.
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