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NOTICE: The project that is the subject of this report vas approved by 
the Governing Board of the National Research Council, whose members are 
drawn from the councils of the National Academy of Sciences, the National 
Academy of Engineering, and the Institute of Medicine. The members of the 
committee responsible for the report were chosen for their special 
competences and with regard for appropriate balance. 

This report has been reviewed by a group other than the authors 
according to procedures approved by a Report Review Committee consisting 
of members of the National Academy of Sciences, the National Academy of 
Engineering, and the Institute of Medicine. 

The National Academy of Sciences is a private nonprofit, 
self-perpetuating society of distinguished scholars engaged in scientific 
and engineering research, dedicated to the furtherance of science and 
technology and to their use for the general welfare. Upon the authority 
of the charter granted to it by the Congress in 1863, the Academy has a 
mandate that requires it to advise the federal government on scientific 
and technical matters. Dr. Frank Press is president of the National 
Academy of Sciences. 

The National Academy of Engineering vas established in 1964, under the 
charter of the National Academy of Sciences, as a parallel organization of 
outstanding engineers. It is autonomous in its administration and in the 
selection of its members, sharing with the National Academy of Sciences 
the resonsibility for advising the federal government. The National 
Academy of Engineering also sponsors engineering programs aimed at meeting 
national needs, encourages education and research, and recognizes the 
superior achievements of engineers. Dr. Robert H. White is president of 
the National Academy of Engineering. 

The Institute of Medicine vas established in 1970 by the National 
Academy of Sciences to secure the services of eminent members of 
appropriate professions in the examination of policy matters pertaining to 
the health of the public. The Institute acts under the responsibility 
given to the National Academy of Sciences by its congressional charter to 
be an adviser to the federal government and, upon its own initiative, to 
identify issues of medical care, research, and education. Dr. Samuel 0. 
Thier is president of the Institute of Medicine. 

The National Research Council vas organized by the National Academy of 
Sciences in 1916 to associate the broad community of science and 
technology with the Academy's purposes of furthering knowledge and of 
advising the federal government. Functioning in accordance with general 
policies determined by the Academy, the Council has become the principal 
operating agency of both the National Academy of Sciences and the National 
Academy of Engineering in providing services to the government, the 
public, and the scientific and engineering communities. It is 
administered jointly by both Academies and the Institute of Medicine. Dr. 
Frank Press and Dr. Robert H. White are chairman and vice chairman, 
respectively, of the National Research Council. 

This study by the Board on Basic Biology vas funded by the James S. 
McDonnell Foundation of Saint Louis, Missouri. 

Printed in the United States of America. 
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PREFACE 

In the past two years a great deal of attention has been focused on a 
proposed proj ect to map and sequence the human genome . Numerous meetings , 
including one sponsored by the Board on Bas ic Biology , have been held and 
a debate has developed in the biological community over the merits of such 
an effort . In response to questions raised by biologists about such a 
proj ect , the board appointed a committee  to examine the des irability and 
feas ibility of mapping and sequencing the human genome and to suggest 
options for implementing the proj ect , if it were deemed fea s ible . 

The members of the committee are biological scientists from a variety 
of disciplines that deal directly or indirectly with DNA and genetic 
mechanisms . The committee members differ greatly in the extent of the ir 
past involvement with research on the human genome and in their potential 
interest in future proj ects to map and sequence this genome . Many of us 
came to this ass ignment with l ittle prior knowledge of the present state 
of mapping and sequenc ing efforts . For this reason , major portions of our 
meetings were devoted to workshop discuss ions with outs ide experts who are 
deeply involved in relevant research ( see Appendix C for l ist of 
speakers ) .  

The committee asked many questions in its del iberations . Should the 
analys is of the human genome be left entirely to the traditionally 
uncoordinated , but highly successful , support systems that fund the vast 
maj ority of biomedical research? Or should a more focused and coordinated 
additional support system be developed that is l imited to encouraging and 
facil itating the mapping and eventual sequenc ing of the human genome ? 
If so , how can this be done without distorting the broader goals of 
biological research that are cruc ial for any understanding of the data 
generated in such a human genome proj ect? 

As the committee became better informed on the many relevant issues , 
the opinions of its members coalesced , producing a shared consensus of 
what should be done . This report reflects that consensus . 

The committee thanks those who contributed to its work . We are 
grateful to all who shared the ir expertise with us at our meetings . In 
particular , we would l ike to thank Michael Witunski of the James S .  
McDonnell Foundation , which funded this study , for his ins ight and 
contributions to the process . Walter Gilbert contributed to the 
discuss ion of the issues during an init ial period when he was a member of 
the committee . Eric Juengst and Albert Jonsen provided valuable guidance 
in developing and discuss ing the ethical and social implications of the 
proj ect . The committee is indebted to the Commis s ion on Life Sciences 
staff , France s  Walton , Caitilin Gordon , and Robert Mathews , whose 
excellent work greatly expedited the production of this report . Special 
thanks are due to John Burris , director of the Board on Bas ic Biology , for 
the long hours , including nights and weekends , during which he skillfully 
guided the report through its many drafts to a successful conclus ion . 

vii 

Bruce Alberts , Chairman 
Committee on Mapping and 
Sequenc ing the Human Genome 
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CHAPTER. 1 

EXECUTIVE SUMKAR.Y 

Humans have long been intrigued by the forces that shape them and 
other organisms . What blueprint dictates blue eyes , brown hair , or the 
form of a flower? More than 100 years ago Gregor Mendel discovered that 
such inherited traits are controlled by cellular units that later became 
known as genes . In recent years , our understanding of these genes has 
been greatly increased by knowledge of the molecular biology of DNA , the 
giant molecule from which genes are formed . It is nov feas ible to obtain 
the ult imate description of genes and DNA , s ince recently developed 
techniques enable us to map ( locate) the genes in the DNA of any organism 
and then to sequence (order) each of the DNA units , known as nucleotides , 
that constitute the genes . 

As more of our genes are mapped and the ir DNA sequenced , ve will have 
an increas ingly useful resource - -an essential data base that will 
facilitate research in biochemistry , phys iology , and medicine . This data 
base will have a major impact on health care and disease prevention as 
well as on bas ic research . The concept of organizing a large proj ect to 
map and sequence the DNA in the genes and the intergenic regions that 
connect them ( the entire human DNA complement or genome) has rece ived 
increas ing attention worldwide . Several countries have expressed interest 
in launching such a proj ect . To evaluate what the United States should be 
doing in this area , the Board on Basic Biology of the National Research 
Counc il ' s  Commiss ion on Life Sciences established the Committee on Mapping 
and Sequenc ing the Human Genome , whose findings are reported in this 
document . 

In this report the committee explores how, when , and why ve should 
map and sequence the DNA in the human genome . In studying these issues , 
the committee reached the following conclus ions : 

• Acquiring a map , a sequence , and an increased understanding of the 
human genome merits a special effort that should be organized and 
funded specifically for this purpose . Such a special effort in 
the next two decades will greatly enhance progres s  in human 
biology and medicine . 

• The technical problema assoc iated with mapping and sequencing the 
human and other genomea are sufficiently great that a 
scient ifically sound program should begin with a divers ified , 
sustained effort to improve our ability to analyze complex DNA 
molecules .  Although the needed capabilities do not yet exist , the 
broad outlines of how they could be developed are clear . 
Prospects are therefore good that the required advanced DNA 
technologies would emerge from a focused effort that emphas izes 
pilot proj ects and technological development . Once established , 
these technologies would not only make the complete analys is of 
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the human and other genomes feasible, but would also revolutionize 
many other areas of bas ic biology and biotechnology . 

• Important early goals of the effort should be to acquire a 
high-resolution genetic linkage map of the human genome , a 
collection of ordered DNA clones , and a series of complementary 
phys ical mapa of increas ing resolution . The ultimate goal would 
be to obtain the complete nucleotide sequence of the human genome , 
starting from the materials in the ordered DNA clone collection . 
Attaining this goal would require major (but achievable) advances 
in DNA handling and sequencing technologies . 

• A comparat ive genetic approach ia essential for interpret ing the 
information in the human genome . Therefore , intens ive studies of 
those organisms that provide particularly useful models for 
understanding human gene structure and funct ion and evolution must 
be carried out in parallel . 

• The mapping and sequencing effort should begin primarily as a 
series of competing , peer -reviewed programs emphasiz ing technology 
development . PUDding should include both grants to individuals 
and grants to medium-s ized mult idisciplinary groups of sc ientists 
and engineers . Because the technology required to meet most of 
the proj ect ' s  goals needs maj or improvement, the committee 
spec ifically recommends against establishing one or a few large 
sequencing centers at present . 

• The human genome proj ect should differ from present ongoing 
research inasmuch as the component subproj ects should have the 
potential to improve by 5- to 10-fold increments the scale or 
efficiency of mapping , sequencing , analyz ing , or interpreting the 
biological s ignificance of the information in the human genome . 

• Progress toward all the above goals will require the establishment 
of wel l - funded centralized facilities , including a stock center 
for the cloned DNA fragments generated in the mapping and 
sequenc ing effort and a data center for the computer-based 
collect ion and distribution of large amounts of DNA sequence 
information . The committee suggests that the groups supplying 
these services be selected through open compet ition . 

On the bas is of these conclus ions , the committee recommends the 
following : 

• In view of the importance and magnitude of the task , a rapid 
scale-up to $ 200 million of additional funding per year is 
recommended .  These additional funds should not be diverted from 
the current federal research budget for biomedical sc iences . 

A maj ority of the committee recommends : 

• A single federal agency serve as the lead agency for the proj ect . 
This agency , would rece ive and administer the funds for the 
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proj ect and would be respons ible for the operation of the stock 
center and data center , as well as administer the peer review 
system utilized in determinin& the rec ipients of funds . It should 
work closely with a Sc ientific Advisory Board in developina and 
fmplementina a hiah standard of peer review . The Scientific 
Advisory Board , composed primarily of scientists knovledaeable in 
relevant fields , would provide advice not only on peer review, but 
also on quality control , international cooperation , coordination 
of efforts of the laboratories in the proj ect , and the stock and 
data centers . 

An outline of the maj or issues presented in this report follows , 
with aenome mappina , aenome sequencina , the handlina of information and 
materials , and strateaiea for implementation and manaaement of a human 
aenome proj ect discussed in turn . 

An outline of the human aenome and its central role in human bioloay 
is shown in Piaure 1-1. 

GENOME HAPPING 

The two main types of human aenome maps are aenetic linkaae maps and 
phys ical mapa . Genetic linkaae maps are made mainly by studyina families 
and measurina the frequency with which two different traits are inherited 
toaether , or linked . Phys ical maps are derived mainly from chemical 
measurement s made on the DNA molecules that form the human aenome ; these 
maps can be of several different types and include restriction mapa and 
ordered DNA clone collections . They also include maps of ezpreased aenes 
or anonymous ( function unknown) DNA sepenta that are mapped by somatic 
cell hybridization or in s itu chromosome hybridization . All these maps 
share the common aoal of placina informat ion about human aenea in a 
systematic linear order accordina to the ir relative pos itions alona each 
chromosome . Xnowina the location of aenes and the correspondina aenetic 
traits they produce allows us to discover patterns of aenomic oraanization 
with important functional consequences and to compare humans with other 
mammals . With this knowledae we can ezpect maj or human health benefits . 
For example , by ident ifyina aenes or reaions of DNA involved in several 
diseases , includina hereditary forms of cancer , Alzhe imer ' s  disease, 
manic-depress ive illness , Huntinaton ' s  disease , and cystic fibros is , new 
methods of diaanos is and treatment can be developed .  Equally important , 
the better understandina of human bioloay that would follow from these 
studies would contribute broadly to the treatment of most diseases . 

The committee believes that full-scale mappina , both aenetic linkaae 
and phys ical , should beain immediately . CUrrent mappina efforts are beina 
carried out aene by aene . Each aene is only a small part of the ent ire 
complement of DNA, and the methods involved therefore require the 
equivalent of repeatedly findina a needle in a haystack . In contrast , in 
any effort to map the entire human aenome , each of the many DNA sepents 
that are obtained by clonina the human aenome will be initially kept as 
relevant to the proj ect . These then represent part of a puzzle that is 
solved by orderina each DNA sepent accordina to its pos ition in the 
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aenoae . The cost of obtainina any particular DNA clone in such a 
collection of ordered DNA clones is relatively small . As a result , a 
proj ect of this type will quickly pay for itself by aavina the enormous 
aaareaate costa involved when each laboratory must find its own DNA 
clones . 

Several recent breakthrouahs in mappina methods make obtainina the 
type of detailed data needed in human aenome maps a realistic aoal . These 
breakthrouaha ranae from vastly improved methods for phys ical mappina that 
rely on new techniques for aeparatina and manipulatina DNA molecules to 
much more accurate mathematical methods for analyzina aenetic linkage data 
on the bas is of restriction fragment lenath polymorphism• (RFLPs ) . A 
areat deal of ayneraiam exists between aenetic linkaae and phys ical 
mappina methods . Because of the simultaneous advances in both techniques , 
real poss ibility now exists that a detailed phys ical and aenetic linkage 
map of the human aenoae could be constructed in a relatively short time . 
This map would be extremely useful in its own riaht and would set the 
staae for constructina the ultimate phys ical map-- the complete DNA 
sequence of the human aenome . 

The committee concluded that the development and refinement of 
techniques should be emphasized early in the mappina part of the proj ect . 
Despite recent advances , phys ical mappina methods need improvement . For 
example , DNA fragments as much as 10 million nucleotide• lona ( 1/300 the 
total human aenoae) can be handled only with cons iderable difficulty , and 
such larae fragments cannot yet be cloned . Ordered DNA clone collections 
have been started , but not completed , for several organisms with aenomes 
that are at most 1/50 the s ize of the human aenome . Advanced technology , 
such as the handlina of laraer DNA p ieces and the development of new 
clontna vectors for them , will expedite the preparation of such clone 
collections . Thus , much of the effort in the next few years should be 
devoted to refinina exiatina mappina techniques and developina even more 
powerful new ones . 

The committee believes that most support should go to aroupa that are 
attemptina to map larae aenoaes , with support for different mappina 
methods proceedina in parallel . Improved methods for the following would 
fac ilitate map construction and usefulness : 

• Separatina intact human chromosomes .  

• Separatin& and immortaliz ing identified fragments of human 
chromosomes .  

• Clonina complementary copies of expres sed genes , called 
complementary DRAa (cDNAs ) , especially those that represent rare 
cell- , tissue- . and development-specific messenger RNAs . 

• Cloning very large DNA fragments .  

• Purifyina very larae DNA fragments , including hiaher resolution 
methods for separating such fragments .  
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• Ordertna the adj acent DNA fragments in a DNA clone collection . 

• Automating the various steps in DNA mapptng , including those of 
DNA purification and hybridization analysis , and the development 
of novel methods that allow s imultaneous handling of many DNA 
samples . 

GENQMI SEOQINCING 

The nucleotide sequence of the genome is the phys ical map at the 
highest level of resolution . It provides the information that goes into 
making up the genetic comp�ement of an individual . For the human , a total 
of about 3 bill ion ( 3  z 10 ) nucleotides must be ordered ;  s imply to 
print out such a DNA sequence would require about a million pages in a 
book like this . To obtain this critical resource in a timely fashion a 
special effort must be mounted , but , because of the high cost and slow 
rate of DNA sequencing with current technology , sequencing of the entire 
genome should not be initiated at present . Instead , the committee 
believes that two general types of effort should be undertaken to increase 
the efficiency of DNA sequenctng . 

First , pilot proj ects should be conducted with a goal of sequenc ing 
approzimately 1 million. continuous nucleotides (which is 5 to 10 times as 
large as the largest continuous regions that have been sequenced to date) . 
Such proj ects will provide an opportunity to implement and test 
improvements of ezisting technology as they occur and will also provide a 
practical impetus for technological developments .  They will also reveal 
where the most serious problems in data analys is are l ikely to arise in 
still larger proj ects . For ezample ,  will repetit ive sequences or cloning 
art ifacts complicate the assembly of a unique , cont iguous sequence? Bow 
will new genes be ident ified correctly? Only by attempting relatively 
large - scale nucleotide sequenc ing will we gain ins ight into these issues . 

Second , improvements in ezisting sequencing technology and the 
development of entirely new technologies should be vigorously encouraged . 
This would include appl ications of automat ion and robotics at all steps in 
sequenc ing . It is useful to think in terms of trying to achieve 5- to 
10-fold incremental improvements in the scale and speed of DNA sequencing . 

To derive the maj or benefits from the human genome sequence , it will 
be necessary to have an eztens ive data base of DNA sequences from the 
mouse (whose genome is the same s ize as that of the human) and from 
s impler organisms with much smaller genomes , such as bacteria , yeast , 
Drosophila melanogaster (a fruit fly) , and Caenorbabditis elegans (a 
nematode worm) . This informat ion would allow the counterparts of 
important human genes to be readily ident ified in organisms in which the ir 
funct ional roles are generally eas ier to study . Comparative sequence 
analys is with an organism such as the mouse is a powerful technique for 
distinguishing those elements of a nucleot ide sequence that are important 
(and therefore conserved during evolut ion) from those that are not . In 
addition , many genes will init ially be found to be important in these 
other organisms and will lead to corollary human studies . To succeed , 
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therefore , this proj ect muat not be restricted to the human genome ; 
rather , it muat include an extens ive sequence analys is of the genomes of 
selected other species . 

A mechanism of quality control is needed for the groups that are 
contributing sequence information . For example , a group could be 
established to redetermine a small fraction of the sequence submitted by 
each sequencing unit , thereby providing an independent check on the 
accuracy of the sequences being obtained by the unit . 

INFORMATION AND HATQ.ULS HANDLING 

Cons iderable data will be generated from the mapping and sequencing 
proj ect . Unless this information is effectively collected , stored , 
analyzed , and provided in an accessible form to the general research 
community worldwide , it will be of little value . This proj ect will also 
require an unprecedented sharing of materials among the laboratories 
involved . Because access to all sequences and materials generated by 
these publicly funded proj ects should and even must be made freely 
available , two different types of centralized facilities will be needed : 
( 1 )  information centers to collect and distribute mapping and sequencing 
data and ( 2 )  centers to collect and distribute materials such as DNA 
clones and human cell lines . 

For an information center to cope effectively with the vast amount of 
DNA sequence data , all such data muat be provided to the center in 
electronic or magnetic form . The information center must also be 
effectively linked by a computer network to all the users of the data . An 
initial analys is of these data should be carried out by the central 
facility to help in class ifying the data for future research 
access ibility . Both at the information center and in other laboratories , 
extens ive research in methods of sequence data analys is should be 
encouraged .  

A facility for collecting and distributing material should be 
organized to handle the cloned DNA fragments generated and mapped in the 
many different laboratories involved .  This facil ity would store the 
appropriate DNA clones , index them according to some agreed-on plan , and 
then redistribute them to all laboratories that request them . The 
facility might also be involved in the routine convers ion of large human 
DNA fragments , cloned as artificial chromosomes ,  into more readily 
accessible bacterial virus or cosmid DNA clone collect ions . It may also 
need to fingerprint all the DNA clones by a s ingle method to provide a 
standard indexing procedure . 

IMPLEMENTATION STRATEGIES 

Much of the concern that has been expressed about a proj ect to map 
and sequence the human genome stems from its high proj ected cost and the 
potential changes that may result in the infrastructure of the current 
biological research community . The committee examined the coat of the 

7 

Copyright © National Academy of Sciences. All rights reserved.

Report of the Committee on Mapping and Sequencing the Human Genome
http://www.nap.edu/catalog.php?record_id=18430

http://www.nap.edu/catalog.php?record_id=18430


proj ect and concluded that an annual budget of $200 million over the next 
15  years would not be exces s ive when compared with the value of the 
results that would be produced . 

All dec is ions for funding should be based on a peer review by those 
expert in the methods involved .  This does not mean that funding would be 
allocated only to individual investigators , inasmuch as multidisciplinary 
research centers of modest s ize , as vall as an information center and 
material handling unit , will be required .  Some groups may be more 
appropriately funded by contracts than by grants .  However , the committee 
believes that these contracts should be awarded only after an open , 
peer-reviewed competition . 

Genome mapping , both linkage and phys ical , is already underway and 
should be intens ified , although a maj or portion of the initial monies 
should be devoted to improving technologies . Large- scale sequencing 
should be deferred until technical improvements make this effort 
appropriate . This recommendation is based on the realization that the 
human genome is orders of magnitude larger than the genome of any other 
organism that has yet been mapped or sequenced . To cope with this vastly 
greater s ize , it seems advisable to establish a special competitive 
program that focuses on improving in 5 - to 10- fold increments the scale or 
effic iency of mapping , sequencing , analyz ing , or interpreting the 
biological informat ion in the human genome . 

The actual mapping of the human genome should begin nov . even though 
a maj or port ion of the initial monies should be devoted to improving 
technologies . While a variety of p ilot proj ects should be encouraged , 
only after the technology is developed and an adequate quality control 
procedure is establ ished should a large-scale sequencing effort begin on 
the human genome . 

A human genome proj ect of this type need not threaten the existing 
biological research community for several reasons . First , the money ought 
not be provided at the expense of currently funded biological research . 
Second , it ought to be distributed by peer review . Third , by includin� 
selected other organisms required for the interpretation of the human 
genome map and sequence , the proj ect ought not mislead the public into 
placing a false emphas is·on the uniqueness of human materials for 
understanding ourselves . Fourth . this proj ect ought to include work by 
both small research laboratories and larger multidisc iplinary centers 
formed by j uxtapos ing several small research groups having different 
expertise . S ince individual investigators working in small groups have 
been the source of nearly all the maj or methodological breakthroughs that 
have driven the modern revolut ion in biology . the proposed organization 
ensures that our extraordinarily successful pattern of doing biology will 
be preserved . 

In mult idisc iplinary centers , 3 to 10 research groups . each with an 
outstanding independent scientific director and a different but related 
focus , are envis ioned as sharing equipment and personnel in core 
facilities and collaborating to accomplish a larger goal than any s ingle 
group could readily achieve on its own . These centers could efficiently 
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coordinate the large number of different experimental and computer 
capabilities needed for the development of techniques as well as work out 
optimal strategies that produce actual mapping and sequencing data . 

The committee does not believe that one or a few large production 
centers for mapping or sequencing should be established at this time . 
Strong technical and intellectual advantages are obtained by distributing 
mapping and sequencing work among smaller multidisciplinary centers and 
individual research laboratories . One major advantage is that the 
resulting competition will stimulate research . Another is that the most 
successful units can be identified so that the available resources can be 
directed to them . Moreover , the dispersal of the groups will allow close 
interactions to be established with a large number of other biological 
scientists . These interactions will be essential both for the 
intellectual contributions derived from other scientists and for enabling 
the new techniques developed in this proj ect to be applied quickly and 
efficiently to a wide variety of important biological problema . 

MANAGEMENT STRATEGY 

The expenditure of $200 million per year on the proj ect would 
represent roughly 3 percent of the total annual United States government 
expenditure on biological research . It would thus leave the crucial task 
of functional studies to traditionally supported biological research . For 
the human genome proj ect to be of maximum value , the committee believes 
that it needs to be well organized and coordinated . For this to be 
effectively done , the committee feels that the proj ect should be s ited 
within one of three federal agencies ,  the Rational Institutes of Health , 
the Department of Energy , or the Rational Science Foundation . This lead 
agency would receive a specific appropriation for the proj ect and be 
respons ible for the disbursement of funds through a peer-review process . 
It would be respons ible for the operation of the stock center and the data 
center , the coordination of the efforts of the many laboratories involved 
in the effort , and serve as an informat ion clearinghouse .  It would also 
handle the other administrative details that will arise in a proj ect of 
this magnitude . 

Although the lead agency would have the ult imate respons ibility for 
funding and policy decis ions , it would draw on the advice and expert ise of 
a Sc ientific Advisory Board (SAB) . The SAB would be made up 
predominately of sc ientists with expertise in the methods and goals of the 
proj ect . The major respons ibilit ies of the SAB would include : 

• To fac il itate coordinat ion of the efforts of the many laboratories 
that are expected to part ic ipate in this effort . 

• To help assure the access ibil ity of all informat ion and materials 
generated in the proj ect by advis ing on the overs ight of the data 
center and the stock center and recommending contracts where 
appropriate . It would oversee format ion of standard terminolgies 
and reporting formats so that the large body of informat ion to be 
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obtained can be readily communicated and analyzed by the entire 
scientific caa.unity . 

• To monitor the quality of research by helpina to assure a uniform 
standard of peer review . 

• To •uaaeat mechanisms for strict quality controls on the sequence 
and mappina data collected . 

• To promote international cooperation , aervina as a liaison to 
proj ects outs ide the United States reaardleaa of their fundin& 
sources . 

• To make recommendations concernina the establishment of larae 
aequencina endeavors ,  thereby balancina focus with breadth . 

• To publish periodic reports atatina proareaa , problema , and 
recommendations for research . 

The committee atronaly believes that a proj ect to map and sequence 
the human aenoae should be undertaken . It is aware of the ethical , 
social , and leaal implications of such an effort , but feels that they can 
be adequately addressed . This proj ect would areatly increase our 
underatandina of human bioloay and allow rapid proarea a  to occur in the 
diaanoaia and ultimate control of many human diseases . As visualized , it 
would also lead to the development of a vide ranae of new DNA technoloaiea 
and produce the mapa and sequences of the aenoaea of a number of 
experimentally accessible oraaniama , providina central information that 
will be important for increaa ina our underatandina of all bioloay . 
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CBAPTD. 2 

INTB.ODUCTION 

All living organisms are composed of cells , each no wider than a 
human hair . Each of our cells contains the same complement of DNA 
constitut ing the human genome (Figure 1 - 1 . )  The DNA sequence of every 
person's genome is the blueprint for his or her development from a s ingle 
eel! to a complex , integrated organism that is composed of more than 
10 ( 10 mill ion mill ion) cells . Encoded in the DNA sequence are 
fundamental determinants of those mental capacit ies - - learning , language , 
memory- - essent ial to human culture . Encoded there as well are the 
mutations and variations that cause or increase susceptibility to many 
diseases respons ible for much human suffering . Unprecedented advances in 
molecular and cellular biology , in biochemistry , in genetics , and in 
structural biology- -occurring at an accelerating rate over the past 
decade - - define this as a unique and opportune moment in our history : For 
the first time we can envis ion obtaining easy access to the complete 
sequence of the 3 bill ion nucleotides in human DNA and deciphering much of 
the information contained there in . Converging developments in recombinant 
DNA technology and genetics make obtaining a complete ordered DNA clone 
collection indexed to the human genetic linkage map a real istic immediate 
goal . Even determination of the complete nucleotide sequence is 
attainable , although ambitious . The DNA in the human genome is remarkably 
stable , as it must be to provide a reliable blueprint for building a new 
organism . For this reason , obtaining complete genetic linkage and 
phys ical maps and deciphering the sequence will provide a permanent base 
of knowledge concerning all human beings - - a base whose util ity for all 
activities of biology and medicine will increase with future analys is , 
research , and experimentation . 

Even the complete sequence of DNA in the human genome will not by 
itself explain human biology . It will , however , serve as a great 
resource , an essential data bank , facil itating future research in 
mammalian biology and medicine . Humans , l ike all living organisms , are 
composed largely of prote ins of a roughly estimated 100 , 000 different 
kinds . In general , each gene codes for the production of a s ingle 
protein , and a gene and its protein can be related to each other by means 
of the genetic code . Therefore , from preliminary experiments ,  scientists 
will be able to turn to the DNA sequence of the human genome and obtain 
detailed informat ion on both the structure and function of any gene or 
prote in of interest , including the identification of all related genes and 
proteins . In this way , many previous ly unknown human genes and prote ins 
will become available for biochemical , phys iological , and medical 
studies . The knowledge gained will have a maj or impact on health care and 
disease prevent ion ; it will also raise challenging is sues regarding 
rational , wise , and ethical uses of sc ience and technology . 
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GENOHIS I GENES I AND G!NOHIC HAPS 

To understand the importance of knowledge about the human genome , one 
must first understand the genome's functions . 

Genomes Cons ist of DNA Molecules That Contain Kanv Genes 

The genome of all living organisms cons ists of DNA , a very long 
two - stranded chemical polymer (Figure 2-1) . Each DNA strand is composed of 
four different units , called nucleotide& , that are l inked end to end to 
form a long chain (Figure 2-2 ) . These four nucleotide& are symbolized as 
A, G ,  C ,  and T ,  which stand for the four bases - -adenine , guanine , cytos ine , 
and thymine - - that are parts of the nucleot ide& . One DNA molecule , which 
together with some proteins const itutes a chromosome , differs from another 
in its length and in the order of its nucleotides . Each DNA molecule 
contains many genes , which are its funct ional units . These genes are 
arranged in a defined order along the DNA molecule . Host genes code for 
protein molecules - - enzymes or structural elements - - that determine the 
characteristics of a cell . In s imple organisms , the coding sequences of a 
gene are cont inuous strings of nucleotide& , but in mammals the coding 
segments in a gene ( called exons ) are generally separated from one another 
by noncoding segments ( called introns ) (Figure 2-3 ) . Often each axon will 
encode a different structural region (or domain) of a larger prote in 
molecule . Many exons have been found to be part of a family of related 
coding sequences that are used in the construct ion of many different genes 
(Dool ittle � A! . , 1986 ) . Because of the many introns in mammalian genes , 
a s ingle gene is often more than than 10 , 000 nucleot ide& long , and genes 
that span 100 , 000 nucleot ide& are not uncommon (Table 2-1 ) .  

For the information in the coding sequences o f  a gene t o  b e  expressed , 
the DNA of a gene must first be transcribed into an RNA molecule (Figure 
2-3 ) .  Before the RNA strand leaves the cell ' s  nucleus , the intron 
sequences are cut out of this RNA strand by a process called RNA splic ing , 
thereby bringing the axon sequences into contiguity . Then the BRA can be 
trans lated into a protein molecule according to the genet ic code (every 
group of three nucleotides codes for one amino acid) . Nucleotide sequences 
adj acent to the coding sequences in each gene encode regulatory s ignals for 
act ivating or inact ivating transcription of the gene . Gene act ivity is a 
dynamic process ; at any given t ime and in any given cell type , only a 
subset of genes is act ive . These active genes determine the course of 
embryological development and the characterist ics of cells and organisms . 

Tbe Human Genome Is Composed of 24 Different Types of DBA Molecules 

Human DNA is packaged into physically separate units called 
chromosomes . Humans are diploid organisms , containing two sets of genetic 
informat ion , one set inherited from the mother and one from the father . 
Thus , each somatic cell has 22 pairs of chromosomes called autosomes (one 
member of each pair from each parent ) and two sex chromosomes (an X and a Y 
chromosome in males and two X chromosomes in females ) .  Each chromosome 
contains a s ingle very long , linear DNA molecule . In the smallest human 
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FIGURE 2-1. Two ways of representing the DNA double helix. Diagrams are 
of a very short section of the DNA molecule in each chromosome. The human 
genome contains about 200 million times the amount of DNA shown. The two 
strands of the DNA double helix run in opposite directions and are paired 
to each other by the specific fit of the complementary nucleotide pairs. 
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FIGURE 2 - 2 . The nucleotides that form a DNA molecule . (A) Specific 
hydrogen bond interactions between G and C and between A and T bases 
generate complementary nucleotide pairs ( that is , G always bonds with c and 
A always bonds with T) . A haploid human genome contains 3 billion of these 
nucleotide pairs . (B) The chemical structure of a DNA strand . Each 
s trand is a very long chain of the four nucleotides shown as indicated . 
Each nucleotide contains one of the four different bases indicated in (A) 
plus a sugar phosphate res idue . 
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FIGURE 2-3. How genes are expressed in human cells . Each gene can 
specify the synthes is of a particular protein . Whether a gene is off or 
on depends on s ignals that act on the regulatory region of the gene . When 
the gene is on , the entire gene is transcribed into a large BRA molecule 
(primary IRA transcript) .  This BRA molecule carries the same genetic 
information as the region of DNA from which it is transcribed because its 
sequence of nucleotide& is determined by complementary nucleotide pairing 
to the DNA during BRA synthesis . The IRA quickly undergoes a reaction 
called IRA splicing that removes all of its intron sequences and j oins 
together its coding sequences ( its exons ) .  This produces a messenger RNA 
(mRNA) molecule . The IRA chain is then used to direct the sequence of a 
protein ( translation) according to the genetic code in which every three 
nucleotide& (a codon) spec ifies one subunit (an amino acid) in the prote in 
chain . 
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Table 2 - 1* 

THE SIZE OF HUMAN GENES 

Genes Genes mRNA Number of 
( in thousands ( in thousands Introns 
of nucleotides)  of nucleotides)  

Small 

Alpha globin 0 . 8  0 . 5  2 
Beta globin 1 . 5  0 . 6  2 
Insulin 1 . 7  0 . 4  2 
Apolipoprotein E 3 . 6  1 . 2  3 
Parathyroid 4 . 2  1. 0 2 
Protein kinase c ll 1 . 4  7 

Kedium 

Collagen I 
Pro-alpha-l ( I) 18 5 50 
Pro-alpha - 2 ( I) 38 5 50 

Albumin 25 2 . 1  14 
High-mobility group 

CoA reductase 25 4. 2 19 
Adenos ine deaminase 32 1 . 5  11 
Factor IX 34 2 . 8  7 
Catalase 34 1 . 6  12 
Low- dens ity -

lipoprotein 
receptor 45 5. 5 17 

Phenylalanine 
hydroxylase 90 2 . 4  12 

Factor VIII 186 9 25 
Thyroglobulin 300 8 . 7  36  

Verv large 

Duchenne muscular 
dystrophy >2000 -17 50 

*Table provided by Victor McKus ick . 
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chromosomes this DNA molecule is composed of about 50 million nucleotide 
pairs ; the largest chromosomes contain some 250 million nucleotide pairs. 

The diploid human genome is thus composed of 46 DNA molecules of 24 
distinct types. Because human chromosomes exist in pairs that are almost 
identical (when they are not identical , the person is said to be 
heterozygous for the pair ) , 3 billion nucleotide pairs ( the haploid genome)  
need to  be  sequenced to  gain complete information concerning a 
representat ive human genome. The human genome is thus said to contain 3 
bill ion nucleotide pairs , even though most human cells contain 6 billion 
nucleotide pairs. 

DNA is a double helix : Each nucleotide on a strand of DNA has a 
complementary nucleotide on the other strand. The information on one DNA 
strand is therefore redundant to that on the other (because of 
complementary base pairing (Fig. 2-2A) , one can in princ iple determine the 
nucleotide sequence of one strand from the other) .  However , i t  is 
necessary to determine the sequences of the nucleotides on the two DNA 
strands separately to achieve the des ired accuracy , with the sequence of 
each strand being used as a check on the other. For this reason , a total 
of 6 billion nucleotides must be sequenced to order the 3 billion 
nucleotide pairs in the haploid human genome. 

The average s ize of a protein molecule allows one to predict that 
there are approximately 1 , 000 nucleot ide pairs of coding sequence per 
gene. Since humans are thought to have about 100 , 000 genes , a total of 
about 100 million nucleotide pairs of coding DNA must be present in the 
human genome. That this is only about 3 percent of the total s ize of the 
genome leads one to conclude that less than 5 percent of the human genome 
codes for prote ins. The vast bulk of human DNA lies between genes and in 
the introns. Some of the noncoding DNA plays a role in regulatin gene 
activity , while other port ions are believed to be important for organiz ing 
the DNA into chromosomes and for chromosome repl ication (Alberts � a1 . •  

198 3 ; Levin , 1987 ) . The function of most noncoding regions of the human 
genome , however , is unknown ; much of this DNA may have no function at all. 

Tbe Human Genome Can Be M&pped in Several Different Vays 

It would be enormously useful to determine the order and spac ing of 
all the genes that make up the genome. Such information is said to 
constitute a gene or genome map. Since there are 24 different DNA 
molecules in the human genome , a complete human gene map cons ists of 24 
maps , each in the linear form of the DNA molecule itself. 

One type of useful genome map is the messenger RNA (mRNA) or exon 
map. Cellular enzymes transcribe or copy all of an organism ' s  genes into 
mRNAs so that the functions of the genes can be expressed. Complementary 
DNA ( eDNA) of all the mRNAs present in an organism can be synthes ized 
enzymat ically with reverse transcriptase. These cDNAs can then be cloned 
and used to locate the corresponding genes on a chromosome map. In this 
way , the genes can be mapped in the absence of knowledge of their 
funct ion. Another type of genome map would cons ist of an ordered set of 
the overlapping DNA clones that constitute an entire chromosome. Both the 
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axon map and the ordered set of DNA clones are usually referred to as 
phys ical maps . Alternatively , the pos ition of a gene can be mapped by 
following the effect of the express ion of the gene on the cells containing 
it . Here , a map is constructed on the bas is of the frequencies of 
coinheritance of two or more genetic markers . This type of map is referred 
to as a genetic linkage map . 

Low- resolution phys ical maps have been derived from the distinctive 
patterns of bands that are observed along each chromosome by light 
microscopy of stained chromosomes .  Genes have been phys ically associated 
with particular bands or clusters of bands in a number of ways . These 
as sociations permit genes to be mapped only approximately s ince a given 
gene might be ass igned to a region of about 10 mill ion nucleotides 
containing several hundred genes . Its exact pos it ion on the chromosome 
must be determined by more precise methods . 

Maps of higher resolution are based on s ites in the DNA cut by special 
prote ins called restriction enzymes . Each enzyme recognizes a specific 
short sequence of four to eight nucleotides (a  restriction s ite) and cuts 
the DNA chain at one point within the sequence (Watson � &1 . , 198 3 ) . 
Since dozens of different sequences are recognized by one or another 
enzyme , and these sequences are closely spaced throughout the genome , high­
resolution phys ical maps can be constructed by determining the relative 
locat ion of different restriction s ites prec isely . Of particular value in 
human gene mapping are restriction s ites that are highly variable (or 
polymorphic ) in the population. DNA lacking a spec ific restriction site 
yields a larger restriction fragment when cut by the enzyme than DNA 
containing the s ite : hence , the des ignation restrict ion fragment length 
polymorphism (RFLP) . Hundreds of polymorphic restrict ion s ites have so far 
been identified and mapped in the human genome . Some disease - related genes 
have already been localized by determining the frequency of coinheritance 
of RFLPs and genet ic diseases (Gusella et al. , 1983 ) . Examples of these 
diseases include cyst ic fibros is , Duchenne muscular dystrophy , Alzheimer ' s  
disease , and neurofibromatos is . Ident ifying a much larger number of useful 
polymorphic restrict ion s ites should make it poss ible to map 
disease -related genes precisely enough to greatly facil itate the isolation 
of any human gene . 

Another type of map with spec ial value is based on a collection of 
ordered clones of genomic fragments ( see Chapter 4) . In such a map , not 
only are the genomic pos itions of restrict ion fragments known , but each 
fragment is available as a clone that can be propagated and distributed to 
interested researchers . Such clones are immensely valuable because they 
serve as the starting point for gene isolation , for funct ional analyses , 
and for the determinat ion of nucleotide sequences. 

The ult imate map of the human genome is the nucleotide sequence , in 
which the ident ity and location of each of 3 billion nucleotide pairs is 
known ( see Chapter 5 ) . Only such a sequence reveals all or nearly all the 
information in the human genome . A number of spec ific regions of human DNA 
have already been analyzed in this way , providing informat ion about the 
structure of genes and the ir encoded proteins in both normal and abnormal 
individuals and about sequences that regulate gene express ion (Figure 
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2 - 4) . At present , however , the nucleotide sequence of substantially leas  
than 0 . 1  percent of  the human ae11011e la  mown . Thla includes the sequence 
containina 0 . 5  percent of our aenea . 

JIEDICAL IMPLICATIONS OP DETAILED JJUJW9 GIIQJII J1APS 

Advances in molecular aenetica made over the past two decades are 
already havina a major impact on medical research and c linical care . The 
abil ity to clone and analyze individual genes and to deduce the aaino acid 
sequences of encoded proteins has areatly increased our underatandina of 
aenetic disorders , the immune system , endocrine abnormalities , coronary 
artery disease , infectious diseases , and cancer . A few proteins produced 
on a commerc ial scale by recombinant DNA methods are available for 
therapeutic use or in clinical trials , and many more are in earlier 
developmental stages . Recent proaress in determinina the aenetic bas is for 
such neuroloaical and behavioral disorders as Buntinaton • s  disease (Gusella 
� Al . , 198 3 ) , Alzheimer ' s  disease (St George-Byslop � Al . , 1987) , and 
manic-depress ive illnes s  (Egeland � Al . , 1987 )  praaiaea new lns iahts into 
these common and serious conditions . Higher resolution mapa of the huaan 
genome will accelerate proaress  in underatandina disease pathoaenea ia and 
in developin& new approaches to diagnos is , treatment , and prevention in 
many areas of medicine . In Chapter 3 the potential medical impact of a 
detailed human aenaaic map is discussed in areater detail . 

IMPLICATIONS PQR BASIC BIOLOGY 

The aeneration of a phys ical map of the human genome and the 
determination of its nucleotide sequence will provide an important research 
tool for bas ic biology . This is especially true because we ezpect a human 
aenaae project to support mappina and sequencina investiaationa that are 
carried out concurrently in other eztena ively studied oraaniama , including 
the Escherichia � bacterium , the lower eucaryote Saccbarowyces 
cerevis iae (a yeast) ,  the nematode worm Caenorbabditis elegans . the fruit 
fly Drosophila melanoaaster , a plant such as maize or Ar&bi4opaia , and the 
mouse MYa musculus . Analyz ing theae aena.es will approztmate ly double the 
total amount of DNA to be mapped and aequenced ; the additional effort will 
make it pos s ible to teat the function of genea that have been identified in 
humans in other organisms that are ezperiaentally access ible and for which 
powerful genet ic techniques ezist . It will thereby be poas ible to firmly 
establ ish the ezact role of these genes in important bioloaical processes . 
Conversely ,  proteins that are discovered to be of special intereat in any 
of these other organisms can be immediately identified by aaino ac id 
homoloay in the human , thereby enabling investiaatora to conduct 
well - focused studies of the funct ion of the corresponding human protein and 
its gene. Furthermore , the eztens ive DNA sequence and function comparisons 
that are generated will represent an invaluable resource for evolutionary 
bioloaists . These and other implications for bas ic bioloay are further 
discussed in Chapter 3 .  
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Pigure 2 - 4 .  The DNA sequence of the human gene for beta- globin (a 
protein of 146 amino acids that forma part of the hellOglobin aolecule that 
carries ozygen in the blood) . The sequence of only one of the two DNA 
atranda ia given s ince the other one has a precisely complementary 
sequence . The sequence should be read from left to right in aucceaa ive 
linea down the page , aa if it were noraal text . The human genome ia . about 
2 million times as long aa this small gene of 1 , 500 nucleotide& , which 
contains three exona and two introna (the boundaries between exona and 
introna are not indicated here) . [Reprinted , with permiss ion ,  from Bruce 
Alberta � Al ·  (198 3 ) . ]  

C�AGGGTTGGCCA 
ATCTACTCCCAGGAGCAGGGAGG 

CCAGGGC'!'GGGCATAAAAGTCAGGGCAGI 

CCATCTATTGCTTACATTTGCTTCTGACAC 

AACTGTGTTCACTAGCAACTCAAACAGA 
CCATGGTGCACCTGAC� 
CTGCCGTTACTGCCCTGTGGGGC 
ACGTGGA'l'GMGTTGGTGGTG 

GCAGGTTGGTATCAAGGTTACA� 

TTAAGGAGACCAATAGAAACTGGGCATGTG 

�TTGGGTTTCTGATA 

GGCACTGACTCTCTCATTGGTCTAT 

TTTCCCACCCTTAGGCTGCTGGTGGTCTAC 

CCTTGGACCCAGAGG 
GGGGATCTGTCCACTCCTGATGCTGTTATG 

GGCAACCCTAAGGTGAAGGCTCATGGCAAG 
AAAGTGCTCGGTGCCAGTGATGGCCTG 
GCTCACCTGGACAACCTCAAGGGCACCTTT 
GCCACAC'I'GAGTG 
CTGCACGTGGATCCTGAGAACTTCAG 
AGTCTATGGGACCCTTGATG! I I !CI I ICC 

CCTTCI I I ICTATGGTTAAGTTCATGTCAT 

AGGAAGGGGAGAAGTAACAGGGTACAGTTT 
AGAATGGQ>&ACAGACGAATGATTGCATCA 
GTGTGGAAGTC'l'C=TTT.IIGTTTC 
TTTTATTTGCTGTTCATAACAATTGTTTTC 

TTTTGTTTAATTCTTGCTTTCTTT' 

CTTCTCCGCAATTTTTACTATTATACTTAA 

r=TTAACATTGTGTATAACAAA.IIGGAAA 

TATCTCTGAGATACATTA.IIGTAACTTAAAA 

AAAAACTTTACAC.IIGT=CT.IIGTACATT 

ACTATTTGGAATATATGTGTGCTTATTTGC 

ATATTCATAATCTCCCTACTTTATTTTCTT 

TTATTTTTAATTGATACATAATCATTATAC 

ATATTTA=TTAAAGTGTAATGTTTTAA 

TATGTGTACACATATTGACCAAATCA= 

AATTTTGCATTTGTAATTTTAAAAAATGCT 

TTCTTCTTTTAATATACTTTTTTGTTTATC 

TTATTTCTAATACTTTCCCTAATCTCTTTC 

TTTCA=.\ATAATGATACAATGTATCAT 

GCCTCTTTGCACCATTCTAAAGAATAAC.IIG 

TGATAATTTCT=tA.IIGGCAAT.IIGCAAT 

ATTTCTGCATATAAATATTTCTGCATATAA 

ATTGTAACTGATGTAAGAGGTTTCATATTG 

CTAATAGCAGCTACAATCCAGCTACCATTC 

TGCTTTTATTTTATGGTTGGGATAAGGCTG 

GATTATTCTGAGTCCAAGCTAGGCCCTTTT 

GCTAATCATGTTCATAC=TATCTTCCT 

CCCACAGCTCC=cAACGTGCTGGTCTG 

TGTGCT=CATCACTTTGGCAAAGAATT 

CACCCCACCAGTGC.IIGGCTGCCTATCAGAA 

AGTGGTGGCTGGTGTGGCTAATGCCCTGGC 

CCACAAGTATCACTAAGCTCGCTTTCTTGC 

TGTCCAATTTCTATTAAAGGTTCCTTTGTT 

CCCTAAGTCCAACTACTAAACTGGGGGATA 

TTATGAAGGGCCTTGAGCATCTGGATTCTG 

CCTAATAAAAAACA TTTATTTTCATTGCAA 

TGATGTATTTAAATTATTTCTGAATATTTT 

ACT� a a .a 'GGG.\�TGTGGGAGGTCAGTG 
TTTAAAACATAAAGAAATGATGAGCTGTTC 

AAACCTTGGGAAAATACACTATATCTTAAA 

CTCCATGAAAGAAGGTGAGGCTGCAACCAG 

CTAATGCACATTGGCAACAGCCCCTGATGC 

CTATGCCTTATTCATCCCTCAGAAAAGGAT 

TCTTGTliG.IIGGCTTGA TTTGCAGGTTAAAG 

TTTTGCTATGCTGTATTTTACATTACTTAT 

TGTTTT.IIGCTGTCCTCATGAATGTCTTTTC 
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EXPECTED TECBNOLQGICAL DEVELOPMENTS GENUATED BY A HUMAN GEBOMI PllOJECT AND 

TUEIR IMlACT ON BIOLQGIC6L IESEAICH 

The process of mapping and sequenc ing the human genome is likely to 
have important spin-offs in the form of new technologies with broad 
applicability in both bas ic and applied biological research . For example , 
effic ient methods for mapping complex genomes are still being developed , 
and a human genome proj ect would accelerate this process . Such methods 
include improvements in the production , separation , and cloning of large 
pieces of DNA and methods for constructing an ordered set of genomic clones 
( see Chapter 4) . This methodology will be directly applicable to the 
development of a phys ical map of the genomes of many experimentally and 
commerc ially important animals and plants . 

Similarly , an effort to sequence the human genome will require much 
more efficient nucleot ide sequencing technology than now exists ( see 
Chapter 5 ) . These improvements will greatly reduce the time spent on DNA 
sequencing in individual research laboratories . In the future , the 
development of inst itution-wide or regional sequencing facilit ies equipped 
with highly automated instruments could serve a large number of scient ists , 
freeing them to concentrate on more advanced stages of their research 
problems . 

Finally , the generation of a detailed map of the human genome will 
require new computer-based methods for collecting , storing , and analyz ing 
the large amount of information expected ( see Chapter 6 ) . These methods 
can then be adapted to handling analogous data from other organisms . 
Scient ists will thus have immediately available through computer networks 
an enormous store of biological informat ion supported by methods for us ing 
it , such as clone collections ; these resources are likely to have a maj or 
beneficial impact on the way the individual does research . 

tmpact QD the ReSearch by Small Groups 

One of the key features and attractions of biomedical research today 
is that it is based primarily on the efforts of small , independent groups 
of sc ientists . The major advances of the past decades can be traced to the 
creat ivity of these groups , or even to s ingle individuals , often near the 
beginnings of the ir careers. Mapping and sequenc ing the human genome , on 
the other hand , is likely to require organizat ional arrangements on a 
cons iderably larger scale than is customary in other biological research. 
Some see this as a threat to the independence of individual investigators . 
In the committee ' s  view , however , a mapping and sequencing proj ect should 
have as its primary goal an increase in the power and range of the research 
potential of small groups of individuals . 

The complete nucleot ide sequences of the genomes of the several 
organisms of maj or experimental interest will provide a crit ical reference 
data base for interpret ing and studying the many human genes that will be 
discovered. To take just one example , an individual cancer researcher who 
discovers a new oncogene in a human tumor will have immediate access  by 
computer search to all the prote ins that are l ikely to have a related 
funct ion in lower organisms. S ince these genes can be experimentally 
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manipulated in ways that are imposs ible in humans , the funct ion of the 
corresponding gene can be determined much more readily in a fruit fly , a 
nematode worm , or a yeast cell. The results are certain to provide 
important ins ights into human cancer that could not be obtained by direct 
research on humans . Conversely , researchers interested primarily in yeast 
cells will benefit from the information about yeast genes that can be 
derived from studies on its bomologues that are initially conducted with 
another organism. 

Even among researchers whose efforts are confined ezclus ively to 
humans , small group efforts will be encouraged . The human genome map and 
an ordered set of human DNA clones will be available as a resource for the 
use of all invest igators , enabling them to concentrate on the most 
interesting parts of the ir research. In addition , new areas of research 
are likely to emerge as a result of this resource , part icularly in relation 
to human health . In short , the committee believes that the mapping and 
sequenc ing proj ect will make an important contribut ion to primary research 
conducted by small groups of independent investigators , eztending their 
reach into currently inaccessible problems. 

A proj ect to map and sequence the human genome bas many different 
components. In the following report , we ezamine mapping ( Chapter 4) , 
sequenc ing ( Chapter 5 ) , data handling and analys is ( Chapter 6 ) , 
implementat ion and management strategies ( Chapter 7 ) , and commercial , 
legal , and ethical implications ( Chapter 8 ) .  
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CHAPTEll 3 

IMPLICATIONS FOR MEDICINE AND SCIENCE 

MEDICAL USES 

A Map of the Duman Genome Will Greatly Facilitate the Identification of 
Spec ific Disease Genes 

Humankind is afflicted by more than 3 , 000 known different inherited 
disorders . Taken together , these disorders affect every organ , system , 
and t issue in the human body . Some cause disease even before birth , 
whereas others are observed only in adulthood . Some are common , others 
rare . Although the ir overall impact on human health is enormous , unt il 
recently our understanding of the vast majority of these disorders has 
been meager . Even today we have identified the respons ible gene in fewer 
than 3 percent of all known inherited disorders . In nearly all of these 
cases the disease gene codes for a known protein . For diseases in which 
the respons ible prote in has been identified , it is now regularly pos s ible , 
with recombinant DNA methods , to clone the gene and begin to understand 
the genetic defect . In this way we have learned much about conditions 
such as thalassemia , s ickle cell anemia , hemophilia , Tay- Sachs disease , 
and familial hypercholesterolemia . However , most disorders result from 
mutat ions in genes whose prote in products have not been def ined . In these 
s ituat ions , identification of a DNA segment that is regularly altered 
(e ither by deletion ,  rearrangement , or point mutat ion) in a given disorder 
provides clues to identifying the disease gene . So far , the genes for 
three disorders - - Duchenne muscular dystrophy , retinoblastoma , and chronic 
granulomatous disease - -have been successfully ident ified in this manner .  
This approach is also making poss ible an ongoing search for the genes 
relevant to such conditions as cyst ic fibrosis , Huntington ' s  disease , and 
famil ial Alzhe imer ' s  disease . These are but a small -subset of the 
numerous Mendel ian disorders for which direct genetic analys is offers the 
best hope of ident ifying the respons ible genes . 

The availabil ity of various types of maps of the human genome would 
greatly fac ilitate the search for genes related to specific inherited 
diseases . A detailed genet ic l inkage map based on RFLPs would permit 
rapid ass ignment of disease loc i to subchromosomal regions , perhaps at a 
resolut ion of 1 mill ion nucleotides . The availability of DNA clone 
collect ions and a restrict ion map of the genome would then allow efficient 
comparat ive analys is of DNAs from normal and affected individuals to 
pinpoint with higher resolut ion the area in which the relevant gene 
res ides . Finally , a DNA sequence of the genome would allow all putat ive 
genes in the region to be identified and would also provide a data base 
for evaluat ing sequences obtained in samples of DNA from pat ients . 
Although more complicated in its execut ion , s imilar approaches could be 
appl ied to the more common mult igenic disorders , i . e . , those for which 
more than one gene may be respons ible . Examples include hypertens ion , 
some forms of cancer , diabetes ,  schizophrenia , mental retardat ion , and 
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neural tube defects . Thua , the availabil ity of a map and sequence would 
greatly accelerate the ident ification of disease genes and permit 
investigators to focus more rapidly on the nature of the gene products and 
their cellular roles . 

Disease Genes Promise to Provide Important Ins ights into Human Biology 

An understanding of normal phys iology and biochemistry has often been 
ga�ned through the study of s ingle gene disorders for which protein 
products have been characterized . For example , eluc idat ion of many 
pathways of intermediary metabolism resulted from the examination of cells 
from pat ients in whom a s ingle enzyme act ivity was abolished . S imilarly , 
the study of individual mutant genes encoding uncharacterized products is 
certain to illuminate new biochemical and cellular mechanisms related to 
both normal human phys iology and to the development of disease . The rapid 
identificat ion of disease genes will enable invest igators to examine in 
detail the protein product of such genes and the ir role in cellular 
biology . When few clues to pathophys iology exist (e . g . , neurofibromatos is , 
polycyst ic kidney disease , or ret init is pigmentosa) , this strategy will 
provide new ins ights into pathogenes is . 

The impl ications of such research are l ikely to be extens ive . In many 
instances , examinat ion of an apparently rare s ituation may lead to a 
clearer understanding of normal mechanisms that may be adversely affected 
in other ways in more common diseases . For instance , studies of the 
recently isolated gene respons ible for the rather rare childhood tumor 
known as retinoblastoma should increase our understanding of more common 
cancers (Dryj a et al . ,  1986 ; Friend et al . ,  1986) , and studies of the gene s 
involved in an apparently uncommon type of Alzheimer ' s  disease may expla in 
more general features of aging (St George -Byslop et al . ,  1987) . 

Specific Medical Appl ications 

An improved capac ity to identify genes related to disease will have an 
immediate impact on the diagnos is , treatment , and prevent ion of genet ic 
disorders . As more disease genes are isolated , DNA-based diagnos is will 
become more common and the potential for somatic cell gene therapy will 
increase . Furthermore , the availability of molecular probes for spec ific 
gene loc i will permit detect ion of the carriers of disease -assoc iated 
genes . This ability will enable parents to ident ify the extent to which 
the ir offspring may be at risk for a genetic defect . In addit ion , the 
ident ificat ion and characterization of disease genes will lead (and already 
has led for many genetic disorders ) to improved prenatal diagnos is of 
serious condit ions by direct DNA analys is . Finally ,  the ability to 
determine whether individuals are carriers for spec ific gene defects will 
fac il itate various epidemiological invest igat ions of the risks assoc iated 
with specific environmental factors , occupat ional sett ings , or drugs . 

Toward an Understanding of Cancer 

Cancer results from the unregulated growth of cells . What has been 
learned over the past decade or so , largely through the appl icat ion of 
molecular genetic tools , is that deregulation of growth is caused by 
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specific genetic abnormalities , i . e . , mutations in growth-related genes 
that are e ither inherited or acquired during life . Inherited defects 
generally confer increased susceptibil ity to a particular form of cancer , 
for example , retinoblastoma , cancer of the colon , certain kidney tumors , 
and malignant melanoma . Only in retinoblastoma has the susceptibility gene 
been ident ified . The search for the respons ible genes in other instances 
is in its early stages and will be greatly fac il itated by detailed RFLP and 
DNA clone mapa and the nucleot ide sequence . With the susceptibility genes 
in hand , it will be poss ible to ident ify by testing an individual ' s  DNA 
those who need special surveillance for precancerous or early cancerous 
changes so that appropriate treatment can be applied at an early stage of 
disease . It may also become pos s ible to counter the effects of inherited 
suscept ibil ity more directly once the phys iological effects of the various 
genes are understood . 

In recent years much has been learned about acquired genetic 
abnormalit ies related to cancer . During one ' s  l ifetime , the DNA in somat ic 
cells undergoes mutation , e ither spontaneously or as induced by 
environmental mutagens . These mutations involve changes in nucleotides , 
rearrangements ,  duplications , or deletions . Some of these changes occur in 
genes that regulate growth . Several dozen genes are now known that , when 
mutated in specific ways or overexpres sed , deregulate cell proliferation . 
Some of these abnormal genes (called oncogenes )  have been found in human 
cancer cells and seem to contribute to the ir tumorigenic properties . In 
several instances the proteins encoded by oncogenes have been shown to be 
altered forma of cell growth stimulators or the cellular receptors for 
growth stimulators . Other oncogenes encode prote ins that are involved in 
the response of cells to growth stimulators . As a result of these 
findings , primary quest ions regarding cell growth and human cancer have 
come into sharp focus : What normal human proteins are involved in cell 
growth and how do they act? Bow do changes in one or more of these 
prote ins cause cells to grow into tumors and to spread to distant organs ? 
What genetic mechanisms underlie these changes ?  What is the spectrum of 
oncogenes or metastas is genes present in human tumors ?  

The availabil ity of a map and sequence of the human genoae and of the 
genomes of s impler organisms will help answer these questions . It will 
fac il itate the isolation of genes that are homologous to known 
growth- related genes and the ident ificat ion of previously undiscovered 
genes that play a role in cell growth and development . The 
characterization of the genes and proteins that regulate cell growth and 
are respons ible for neoplas ia and metastas is of tumor cells is l ikely to 
lead to more sens itive diagnostic and prognostic tests and to new 
approaches to the control of cancer . 

IMfLICAIIONS FOR BASIC BIOLQGY 

Wbat Aspects of Genome Organization are Important for Genome function? 

The principles of genome organizat ion are poorly understood . The 
human chromosome contains functional segments that are not genes . Specific 
segments are essential for the duplication of the chromosomes before cell 
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divis ion and for ensuring that the correct complement of chromosomes 
segregate into the two daughter cells . The nature of theae segments within 
a chromosome and the mechanism by which they carry out the ir functions are 
poorly understood in mammals . A phys ical map of the human genome will 
provide the bas ia for experimentat ion into the ident ity and role of these 
and other elements . 

The study of genome organization , that is , the order in which genes 
occur along a chromosome and their relations to various other components ,  
will be enhanced by the ezistence of a phys ical map . For ezample , we do 
not know in most cases whether the order of genes on a given chromosome is 
important to the ir funct ion . Is there a selective advantage to the 
organism to maintain the prozimity of genes that are expres sed together? 
Limited studies comparing the overall organizat ion of genes in the 
chromosomes of humans and mice suggest that the organization of large 
blocks of genes has often been conserved , but it is not known whether this 
ia important to the ir funct ion (Sawyer and Roz ier , 1986) . By comparing the 
phys ical mapa of a variety of organisms , it will become apparent which 
segments are conserved in the ir gene order acros s species and therefore are 
l ikely to have funct ional s ignificance . 

The detailed comparison of corresponding mouse and human DNA sequences 
ia l ikely to be of spec ial importance . Sufficient t ime (an estimated 70 
mill ion years ) has elapsed s ince the divergence of mice and humans from a 
common mammalian ancestor for those chromosomal regions whoae nucleotide 
sequence is not crucial for the function of the organism to differ 
eztena ively aa a result of random events that change nucleotide sequences . 
Thus , a comparison of mouae and human sequences can reveal those regions of 
our chromosomes with crucial functions that are reflected as conserved 
( i . e . , common) nucleotide sequences . Evolutionary biologists bel ieve that 
changes in most of these sequences have occurred at one t ime or another 
during evolut ion , but because the changes were deleterious , the mutant 
individuals who carried such changes were eliminated from the population by 
natural select ion . Included among the conserved sequences will be the 
ezons of important proteins as well as the sequences in genes that regulate 
gene expres s ion . Other conserved sequences whose funct ion cannot be 
ant ic ipated will no doubt be discovered in this way ; the ir identificat ion 
should eventually provide many new ins ights into the funct ions of both 
genes and genomes .  

Many New Human Genes and Prote ins Will Be Identified 

Only a small percentage of the human genes involved in normal 
development and disease have been ident ified to date . Mapping and 
sequencing the human genome will result in the ident ification of a large 
number of new genes and the ir encoded prote ins . As one benefit , the 
phys ical map will help pinpoint the pos ition of human genes that have been 
mapped to spec ific chromosomal locat ions but have not yet been isolated . 
Moreover , genet ic studies of the mouse have revealed mutations in many 
genes that cause interesting pathological defects , but little is known 
about these genes ezcept the ir location on the genet ic map of mice . By 
knowing the spec ific correspondence between the phys ical maps of humans and 
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mice , the corresponding gene can be identified and studied in both 
organisms . 

There are also computer-based methods for detecting genes when the 
only informat ion available is a long stretch of continuous nucleic acid 
sequence (Staden and McLachlan , 1982 ) . These methods have been tmproving 
dramat ically , and a human genome proj ect will stimulate further tmprovement 
in existing computer-based tools . At present , the identificat ion of genes 
and their prote in products rel ies on several methods .  Pirst , the exons 
within a DNA sequence can often be predicted by identifying those segments 
that contain open reading frames (regions of nucleotide sequence without 
the "stop codons " that terminate prote in synthesis)  and also have codon 
usage biases (the preferential use of one of several codons that specifies 
a part icular amino ac id) that are cons istent with other genes in that 
organism . Moreover , there are conserved sequences that always flank an 
intron . 

As a second approach , genes often share homologies with one another on 
the bas is of common evolut ionary history ; these homologies have been 
successfully exploited in a number of areas , for example , to identify 
related family members of lymphokines ,  to find new receptor proteins for 
neurotransmitters , and to find genes that may play tmportant roles in 
pattern format ion in development . Many sequence motifs that encode prote in 
domains with a s imilar funct ion have been ident ified , such as the common 
domain found in all prote in kinases . These have been useful in predicting 
the funct ion of unidentified gene products from the ir amino acid 
sequences . As increas ing numbers of new proteins are isolated and 
functionally characterized , the data base available for such comparisons 
will be greatly increased . Many prote ins contain domains that have been 
used over and over again in the construction of related proteins . 
Therefore , it should eventually be pos s ible to discover a great deal about 
the structure and function of a protein from the amino acid sequence 
derived from its gene . Because exons coinc ide in many instances with 
prote in domains , knowledge of the exon- intron structure of a gene can also 
provide ins ights into both the structure and funct ion of the protein .  

Hoy Do Organisms Evolve? 

To gain a deep understanding of organisms we must understand how they 
evolved , and much of the evolut ionary history of humans is present in our 
genomes . If we knew the complete DNA sequences of humans and other 
organisms , we should be able to trace the origins of most of our genes ; 
however , because all mammals are constructed from s imilar sets of proteins , 
the building blocks that are used to construct a human and whale are very 
much the same . The many differences between mammalian spec ies are 
therefore bel ieved to depend largely on differences in the regulatory 
s ignals that control the t iming , level , and cell specificity of gene 
expres s ion .  Thus , the orderly development of the human embryo requires 
that spec ific gene sets be act ivated at exactly the right place and time as 
new cell types arise from multipotential stem cells . This process  is 
controlled at least in part by regulatory DNA sequences located near the 
genes . In many cases , these sequences will be homologous among those genes 
that are coactivated . The sequence analys is of the human genome , and its 
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comparison with the sequence of other mammalian genomea such as the mouse , 
should allow us to identify regulatory DNA sequences . Moreover , one can 
hope to begin to understand not only the rules that govern gene regulat ion 
but also the changes that have occurred during evolution that have 
differentiated the human organiaa from our mammalian relatives . 

In summary , the acquis ition of the map and sequence of the human 
genome will ezpanc! our understanding of many basic questions in biology . 
To aaxt.ize this impact , it will be necessary to pursue the analys is of 
genomea of organiaaa that can be ezpert.entally manipulated . Thus , for 
ezaaple , the function of regulatory sequences detected in humans can be 
tested by ezpert.enta in the aouae in which transgenic ant.ala can be 
constructed with appropriately engineered genes . Because many crucial 
insights may be gained from such comparative studies , ezpert.enta in 
s everal other organiaaa will inevitably be required to teat the function of 
potentially important human genes . 
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CBAPTEll 4 

HAPPING 

The genes that spec ify the biological heritage of each human being 
are arranged along chromosomes in a nearly invariant order . Consequently , 
staple one - dt.ena ional mapa can specify the genetic organization of the 
human , as well as other species . Some applications of these mapa have 
already been described . In this chapter , the committee provides a more 
detailed view of the types of chromosome mapa , their uses , and technical 
problema affecting their construct ion . 

In cons idering current and future uses of mapa in genetics , it is 
t.portant to recognize that the ezploration of the human genome is at an 
early stage . The roles of mapa in human genetics may be ezpected to 
change with t t.e .  Over the next few years , mapa will largely be used to 
guide the s earch for the DNA sequences respons ible for particular genet ic 
diseases and in genet ic counseling . As systematic studies of the 
structure and function of the human genome ezpand , the role of mapa in 
organiz ing information and planning new types of research will increase in 
importance .  It would be impossible , for example , to organize systemat ic 
DNA sequenc ing of the human genome without precise mapa of the regions to 
be sequenced . Even vben extens ive sequence data become available , mapa 
will remain indispensable to a wide variety of genet ic data , including the 
sequences themselves . The cont inued value of chromosome mapa has been 
demonstrated for viruses whos e  genomea have been completely mapped and 
sequenced . Researchers who study such viruses keep detailed mapa of the 
viral genome within reach at all t t.ea , but consult the sequence data 
less frequently . Genet ic linkage mapa and phys ical mapa ( even when 
incomplete ) , as  well as partial sequences , have been of value in research 
on Escherichia 2211 and Drosophila . In the latter , mapa have been of 
critical importance in guiding investigators and have provided direct ion 
to the regions of interest that need to be sequenced . A s imilar future 
awaits maps of the human genome : These mapa will not only be crit ical 
tools during the coming decades of discovery , but will also form a 
permanent part of the bas ic descript ion of humankind ' s  genet ic endowment . 

Early Cytological Mapping Efforts Depended on Jxamtntnl Chromosomes Qnder 
the Light Microscope 

All types of mapping involve measuring the positions of eas ily 
observed landmarks . Unt il recently , the only useful phys ical landmarks 
along human chromosomes have been cytogenetic banda . When cultured human 
cella are treated with suitable drugs during cell divis ion , the 
chromosomes are eas ily viewed through the light microscope as wormlike 
shapes .  Several staining procedures developed in the late 1960s and early 
1970s imprint reproduc ible patterns of light and dark banda on chromosomes 
(George , 1970) . The banding pattern is  believed to reflect a periodicity 
in the spac ing of certain types of DNA sequences along chromosomes .  From 
a mapping standpoint , this banding is important in that it allows human 
chromosomes to be individually recognized by light microscopy and allows 
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an average chromosome to be subdivided into 10 to 20 regions . Banding 
patterns provide the bas is for a phys ical map of the chromosomes ,  often 
referred to as a cytogenetic map . In clinical genetics , examination of 
the banding patterns has led to diagnosis of such condit ions as the Down 
syndrome , a genetic disease usually caused by the presence of an extra 
copy of chromosome 21 (Lej eune , 1959) . 

Since the late 1960s , it has been poss ible to ass ign many genes to 
locations on the cytogenetic map by the techniques of somat ic cell 
genet ics (We iss  and Green , 1967 ) . In these techniques , rodent and human 
cells are fused to form hybrid cells that can be grown in culture . These 
cells generally lose all but one or a few human chromosomes ,  but different 
human chromosomes ,  or parts thereof , are retained in different cell 
lines . Chromosome banding is used to determine which port ions of the 
human genome have been retained in part icular cell lines . Cons istent 
co- retention of a region of the genome and a human biochemical trait 
allows the genetic determinant of that trait to be ass igned to a pos it ion 
on the cytogenet ic map . 

More than 1 , 000 genes and other DNA sequences have nov been ass igned 
to pos it ions on the cytogenet ic map (McKus ick , 1986) . Mapping act ivit ies 
have provided an important focus for internat ional activities in human 
genetics , including studies by laboratories in at least 12 countries on 4 
continents .  Internat ional gene -mapping workshops have been organized 
every year or two s ince 1973 . The ninth workshop vas held in Paris in 
September 1987 . 

Tbe Current Revolution in Genome M&pping Is Based on the Use of 
Recombinant- DNA Techniques 

The systematic applicat ion of recombinant DNA technology to 
chromosome mapping began in approximately 1980 . S ince that t ime , it has 
become apparent that recombinant DNA techniques can potentially create 
chromosome maps with an accuracy and level of detail that only a few years 
ago seemed unachievable . It is no exaggeration to say that current maps 
of human chromosomes compare in quality to the navigat ional charts that 
guided the explorers of the New World . Another decade of spec ial effort 
directed toward mapping the human genome could yield maps comparable to 
the best modern maps of the earth ' s  surface .  

No s ingle application of recombinant DNA technology is respons ible 
for creating this historic opportunity for progres s  in human genet ics . 
Instead , the revolution in chromosome mapping has developed on several 
fronts ,  all of which are spin-offs of the extraordinary advances in DNA 
experimentat ion that took place during the 1970s . Methods of cloning DNA 
molecules from any organism into microbial cells , of cleaving molecules at 
spec ific s ites , and of separat ing DNA fragments that differ only sl ightly 
in s ize have all contributed to present mapping capabil ities . Also of 
importance are DNA-probe techniques that allow a particular DNA sequence , 
usually obtained from a DNA clone , to be used to detect other DNA 
molecules with s imilar or ident ical sequences in uncloned DNA that is 
extracted from human or other cells . Whether chromosome mapping is be ing 
done at the level of the chromosomal DNA molecule (phys ical mapping) or 
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by following the pattern in which portions of chromosomes are passed 
through pedigrees (genetic linkage mapping) , the ezpertaental face of 
chromosome mapping has changed beyond recognition s ince 1980 . 

Nevertheless , the scale of current activity is small relative to the 
amount of work that DN&t be done to study the unezplored territory in the 
human genoae . Only a maj or special effort directed toward systematic 
mapping of the human chromosomes will allow this revolution to produce , 
within a decade or leas , a comprehens ive , detailed map of the human 
genome . 

I'UNDAKEl9TALS Ol GEIOJII MAPPING 

Phys ical laps Describe Cbromosomal DBA Molecules . lbereas Genetic Link&ge 
laP• Describe Patterns of Inheritance 

Phys ical maps specify the distances between landmarks along a 
chromosome . Ideally , the distances are aeaaured in nucleotide& , so that 
the map provides a direct description of a chromosomal DNA molecule . The 
aoat important landmarks in phys ical mapping are the cleavage s ites of 
restriction enzyaea . The mapa can be calibrated in nucleotide& by 
aeaauring the s izes of the DNA fragaenta produced when a chromosomal DNA 
aolecule is cleaved with a restriction enzyae . 

Restriction mapping has not yet been extended to DNA aoleculea as 
large as human chromosomes .  Phys ical mapa of human chromosomes are nov 
baaed largely on the banding patterns along chromoaoaea as observed in the 
light aicroacope . One can only estimate the number of nucleotides 
represented by a given interval on the map : furtheraore ,  the amount of DNA 
present in different banda of the same s ize may not be constant s ince 
there are likely to be regional variations in the extent to which 
chromosoaes condense during cell divis ion . Nonetheles s , cytogenetic mapa 
are cons idered to be physical mapa because they are baaed on aeaaureaenta 
of actual distance . 

In contrast , genetic linkage maps describe the arrangeaent of genes 
and DNA markers on the bas is of the pattern of their inheritance . Genes 
that tend to be inherited together ( i . e . , linked) are close together on 
such mapa , and those inherited independently of one another are distant . 
Genes from different chromosomes are inherited independently and thus are 
always unlinked . Genes on the aaae chroaoaome can be tightly or loosely 
l inked or unlinked , as reflected in the probability that they will be 
separated from one another during apera or egg production . The genes can 
be separated if the chroaoaome breaks and exchanges parts with the other 
aeaber of the chromosome pair , a process know as cross ing over or genet ic 
exchange . The farther apart two genes are on the chromosome , the aore 
frequently such an exchange will occur between thea . 

Exchange is a complex genet ic process that accoapaniea the format ion 
of spera cella in the male and egg cella in the female . Unl ike other 
cella , which contain two copies of each chromosome ( except for the special 
case of the X and Y chromoaoaea in males ) , apera and egg cella contain 
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only a s ingle copy of each chromosome . A particular sperm or egg cell , 
however , does not s imply receive a precise copy of one of the two parental 
vers ions of each chromosome : Instead , each sperm or egg receives a unique 
compos ite of the two vers ions , produced by the aeries of cutting and 
splicing events that constitute exchange . Indeed , the great variety of 
chromosomes that can be produced by exchange and independent assortment is 
respons ible for much of the genetic individuality of different humans . 

The order of genes on a chromosome measured by linkage maps is the 
same as the order in phys ical maps , but there is no constant scale factor 
that relates phys ical and genetic distances .  This variation in scale 
exists because the process of exchange does not occur equally at all 
places along a chromosome . Nor does exchange take place at the same rate 
in the two sexes ; hence , as linkage maps become more accurate , there will 
have to be separate mapa for males and females . 

Because they describe the arrangement of genes at the most 
fundamental level , physical mapa are gaining in importance relative to 
genetic linkage mapa in most areas of biological research . They can never 
displace genetic linkage maps , however , which are distinct ive in their 
ability to map traits that can be recognized only in whole organisms . 
Disease genes are part icularly important illustrat ions of this point . 
Hunt ington ' s  disease and cystic fibros is , for example , have catastrophic 
effects on patients , but cannot be recognized in the types of cultured 
cells that are suitable for genetic studies . Only by studying the 
patterns in which these diseases are inherited in affected famil ies has it 
been pos s ible to local ize the defect ive genes on chromosome mapa . Because 
of the unique abil ity of genet ic linkage mapping to define and localize 
disease genes , increas ing the number of genet ic markers available for this 
type of mapping should rece ive major emphas is in any overall program to 
map the human genome . 

A type of phys ical map that provides informat ion on the approximate 
location of expressed genes is a complementary DNA ( eDNA) map . A gene 
that is expres sed will produce messenger RNA (mRNA) molecules in those 
cells in which the gene is act ive (Figure 2 - 3 ) . The physical mapping of 
expressed genes (exons ) is possible by us ing the DNA prepared from 
messenger RNA in the process called reverse transcription ( in which an 
enzyme synthe s izes a complementary strand of DNA by copying an RNA 
molecule that serves as a template) . The availability of cDNAa permits 
the localizat ion of genes of unknown function , including genes that are 
expressed only in different iated tissues , such as the brain , and at 
particular stages of development and differentiat ion . Because they are 
expressed , they are l ikely to be the biologically most interest ing part of 
the genome and therefore can usefully be the focus for early sequenc ing . 
In addition , knowledge of the ir map locat ions provides a set of likely 
candidate genes to test once the approximate locat ion of a gene that is 
altered in a particular disorder has been mapped by genet ic linkage 
techniques . 

To this point , about 4 , 100 expressed gene loc i have been ident ified 
by all methods (McKus ick , 1986) . Ident ificat ion of the rest of the 50 , 000 
to 100 , 000 genes in the haploid genome will come eventually with complete 
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sequencing , but can be greatly facilitated in the tmaediate future by the 
eDNA map . This map contains information of great biological and aedical 
s ignificance s imply because it represents the expressed portion of the 
genoae . 

Tbe Development of Ordered Collections of DBA Clones ia an lmportant 
Ad 1unct to Phys ical Mappina 

In theory , sens itive DNA-probe technologies make it poss ible to 
construct phys ical maps while cloning only a small fraction of the genoae 
that is being mapped . In practice , however , this approach is suitable 
only for the coarsest level of physical mapping . At higher resolutions , 
aost phys ical mapping is likely to be carried out on collections of DNA 
clones that have been ordered according to their pos itions in the original 
genoae . The individual clones are especially useful because they provide 
an inezhaustible source of the DNA froa each genoaic region . The vectors 
used for DNA cloning can be plasaids , bacterial viruses , aodified 
bacterial viruses called cosaids , or artificial yeast chroaosoaes . All of 
these types of DNA aolecules are characterized by the ability to replicate 
exactly as autonoaous units ins ide suitable host cells . Having ordered 
clone collections is also a prerequis ite to aost aethods of sequencing the 
genoae s ince the clones would provide the actual DNA fragaents that would 
be purified and prepared for DNA sequencing . 

Botb Pbys ical and Genetic Linkaae MaPS Can Be Constructed with various 
Degrees of Resolution and Coonectiyity 

All types of mapping presuppose an inherent trade - off between the 
level of detail , or resolution , in a map and the extent to which the map 
provides a convenient overview of the mapping obj ective ( its 
connectivity) . An atlas of street maps for all the major cit ies in a 
state , for ezample , has high resolution but low connectivity . Separate 
maps must be presented for each city s ince a fully connected map of the 
whole s tate at the saae resolution used for the street maps would be too 
big to be useful . 

As a practical matter , constructing maps that coabine high resolut ion 
and high connectivity is difficult . This technical challenge is likely to 
be the doainant problea in the systemat ic phys ical mapping of the human 
genoae . The nature of the difficulty can be appreciated by analogy with 
convent ional cartography . Suppose , for ezaaple , that the only two sources 
of data available for mapping the United States vera satell ite pictures of 
mult istate regions and local property surveys . An adequate set of 
overlapping satell ite pictures would allow construction of a fully 
connected , low- resolution map , whereas the local surveys would provide 
detailed maps of small regions . It would be extreaely difficult , however , 
to relate the two types of data . In principle , this problea could be 
solved by painstakingly piec ing together the local- survey maps until they 
covered regions large enough to discern on the satellite pictures .  In 
pract ice , however , accuracy would suffer as the survey maps vera pieced 
together s ince regions such as lakes and deserts would disrupt 
connect ivity . In general , the only powerful solut ion to this type of 
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problea lies  in the developaent of mapping aethods that can achieve a 
aeries of interaediate resolutions . 

In chroaoaoae mapping , cytogenetic mapa of the banding patterns seen 
in the l ight aicroacope correspond to the satell ite pictures , whereas 
restriction- s ite mapa correspond to the local surveys . Even the aoat 
extens ive restrict ion- s ite mapa of local regions of human chroaoaomea do 
not yet cover even a s ingle band on the cytogenetic map . Prospects for 
fil l ing in interaediate levels of the resolution hierarchy are good , but 
these techniques are still being developed .  Ultimately , the DNA sequence 
will represent the phys ical map of the human genome at the highest  
poss ible resolut ion . Nonetheless , as the analogy with conventional 
cartography suggests , sequencing cannot stand alone : It must anchor- -at 
the high- resolution end- -a  prograa of mapping at a whole aeries of 
resolutions . 

GQETIC LIUAGE HAPPING 

Bestrict iqn Fragment L8natb Polymorphism& Are Convenient L&nd••tks for 
Genetic Linkage HaRPinl 

Human beings differ from one another at many points in their genomes :  
Some of these differences account for differences in traits such as eye 
color , blood type , height at maturity , or suscept ibility to a particular 
disease . Moat differences , however , have few or no consequences in teras 
of the appearance or funct ion of the individual . Nonetheless , they can 
still be detected s ince they cause subtle differences in proteins or , at a 
minimum , in the DNA sequence . The phenomenon of mult iple genetic variants 
at a particular s ite in the genome is called polyaorphisa . With the 
advent of recombinant -DNA methods and , more particularly , DNA-probe 
technology , a versat ile type of polyaorphiam called restriction fragaent 
length polyaorphiaa (RFLP) has come to dominate human genet ic linkage 
mapping ( Botatein � Al . , 1980 ; White � §1 . , 1985 ) . RFLPs are 
DNA- sequence polyaorphisma that result in variat ions in the local 
restriction map at part icular s ites in the genome . These variat ions are 
readily detected in small aaounta of DNA extracted from blood samples . 

The inheritance of RFLPa can be followed through families by 
analyz ing DNA from parents and children . Because (with the except ion of 
the X and Y chromosomes in males ) each of us has two vers ions of each 
chroaosome , we have two vers ions of each gene and DNA sequence - -one 
inherited from each of our parents . Thus , polyaorphic DNA sequences such 
as genes or RFLPs can be present in one person in two different foras . In 
such a case , the person is said to be heterozygous , carrying two different 
foras , called alleles , of the polyaorphic gene or sequence . 
Heterozygos ity allows invest igators to track genes through famil ies  and to 
detect linkage . An ideal genet ic marker is one that exists in so many 
distinct foraa that every individual is heterozygous , and unrelated 
individuals are heterozygous for different foras . In this case , the 
marker can be traced unambiguously from grandparent to parent to child in 
every family group studied , allowing the inheritance of l inked genes in it 
to be traced accurately and efficiently . Actual RFLPs don ' t  approach 
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this ideal , but a newly discovered type of molecular marker coaes much 
closer . These VNTRs (variable nuaber tandoa repeats )  are short repeated 
regions that vary in length and may exist in a dozen (rather than just 
tvo) identifiable foras . 

Genetic Link&ge Happing lequirea tbe Study of Kany People in L&rge Faaily 
Grggps 

Two genes that are close to one another on a chroaosoae show tight 
linkage : The part icular alleles of the tvo genes that a person inherits 
froa one of his or her parents are almost always passed on together to 
that person ' s  children . However , tvo genes that are farther apart but 
still on the aaae chroaosoae are more likely to be separated by exchange 
during apera or egg production . The probability of such an exchange 
increases with the phys ical distance between the genes , thereby accounting 
for the observat ion that genes are ordered in the aaae way by genetic 
linkage and by phys ical mapping . 

To aeaaure the degree of exchange between tvo genes , the frequency of 
co- inheritance of parental allele coabinat iona must be aeasured on a 
statistically s ignificant sample . Froa a practical standpoint , detect ion 
of linkage requires the aeaaureaent of the allele coabinationa passed froa 
one generation to the next by at least 10 spera or egg cella , aeaning that 
at least five offspring must be exaained froa a fully informat ive mat ing , 
( i . e . , both parents heterozygous at both s ites with all parental alleles 
distinguishable froa one another) .  However ,  an accurate aeasureaent of 
the extent of linkage requires the exaaination of even aore people . The 
unit of distance in genetic linkage mapping is called the cent tmorgan 
(eM) , in honor of the great American genet icist Thomas Hunt Morgan . By 
definition , tvo s ites that are spaced by 1 eM have a 1 percent probability 
of being separated by exchange during apera or egg product ion .  Averaged 
over the vbole genoae , 1 eM on the genetic l inkage map corresponds to 
approximately 1 aillion nuc leotide pairs , although the relation between 
genet ic and phys ical distances  varies cons iderably . 

Great progres s  has been made in genet ic l inkage mapping with RFLPs 
s ince the concept vas introduced in 1980 ( Botstein � A!  . •  1980 ) . 
Hundreds of RFLPa have been described , and many mapa of whole chroaoaoaea 
and portions of chroaosoaes have been published (Drayna and White , 198 5 ) . 
The maj or laboratories engaged in RFLP mapping have foraed a highly 
effective collaborat ion centered around the Centre d ' Etude Polyaorphisae 
Huaain ( CEPH) in Paris (Marx , 1985 ; Daua aet , 198 6 ) . In CEPH , 
collaborat ing invest igators are provided with DNA froa cultured cells 
derived fro• the lyaphocytea of the aeabers of 40 faailies having an 
average of approximately e ight children each , as well as both parents and 
all four grandparents .  This collect ion coaprises approximately 600 
progeny chroaosoae seta . By agreeaent among the collaborators , RFLPs that 
are mapped with any of the CEPH faailies are analyzed throughout all the 
faailies for which they are informat ive . 

Consequently , informat ion is steadily accumulating about the 
pos itions of recoabinat ion events in all the progeny chromoaoaes in the 
collect ion . The data are pooled and distributed at regular intervals to 
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all interes ted investigators . This international collaboration hasgreatly 
speeded human genetic linkage mapping and lowered the entry barriers for 
new investigators vbo are interested in joining the effort . In fact , the 
large demand for this material makes it important to increase the number 
of cultured cells chosen from families that are especially useful for 
l inkage studie s . 

A genetic l inkage map of the entire human genome at an average 
resolut ion of about at a 10 eM was recently reported (Donis -Kellar � !l . . 
1987 ) . Current technology seems to allow construction of an RFLP map with 
an average resolution of 1 eM within the next s everal years . This 
increase in resolution would require the mapping of several thousand RFLPs 
on a set of families  larger than the current CEPH collection . 

Recent innovations in human linkage mapping nov allow three - point and 
higher multipoint mapping to be performed . This makes mapping more 
efficient and more like the Drosophila mapping that has been so 
productive . Maps will also be of primary importance in areas such as 
genet ic counseling and in disease research . Obtaining markers on both 
aides of the genes of interest will provide more reliable informat ion . 

Genetic linkage maps of humans will require special stat istical and 
computer techniques because humans , unlike experimental animals ,  often 
have few s iblings . Without computers it would also be almost imposs ible 
to do linkage analys is of complex pedigrees . 

RFLPs Are Useful for Interrelating Pbys ical and Genetic Linkage Maps 

Genetic linkage mapping allows those genes with no known cellular or 
molecular effects to be located on the human genome . On the other hand , 
phys ical maps describe the DNA molecules present in chromosomes .  RFLP 
markers can eas ily be localized on e ither type of map . Not only can 
markers be placed on the genetic linkage map in family studies , but also , 
because the probes that are used to recognize RFLPs are themselves DNA 
molecules , their pos it ions on a phys ical map can be determined in a 
variety of straightforward ways . Exact alignment between the genet ic 
linkage and phys ical maps of the human genome at a large number of s ites 
is therefore pos s ible . This will greatly fac il itate finding the actual 
DNA sequences that correspond to a gene once such a gene is localized on 
the genet ic linkage map . In addition , making maps cont inuous across 
entire chromosomes will be eas ier by genet ic linkage mapping , whereas maps 
of higher resolut ion (finer than a mill ion nucleotide s )  will be eas ier to 
achieve by phys ical mapping . The more points at which the two maps can be 
exactly al igned , the greater the opportunity to take advantage of this 
complementarity , which will help solve the connectivity problem that 
arises when making maps of high resolut ion . 

A Reference RlLP MaP for the Httman Would Be a Crit ical Tool for Studying 
rnherited Diseases 

RFLP mapping provides a powerful , comprehens ive approach to the study 
of inherited diseases . Ideally , the centerpiece of this approach would be 
a reference RFLP map , at 1 eM resolut ion , determined from normal 
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families . Once completed , the project of constructing such a map would 
provide human geneticists with a permanent archive of several thousand DNA 
probes that would detect polymorphism& throughout the genome at an average 
spacing of 1 mill ion nucleotides . To apply this resource to the study of 
a particular inherited disease , an investigator would test DNA samples 
from families afflicted by a particular inherited disease with a uniformly 
spaced subset of perhaps 5 percent of these probes . Once rough linkage 
vas tentat ively detected , typically with a recombinat ion frequency of 10 
percent between the mutant gene that caused the disease and the 
polymorphism that was detected by the probe , the linkage could be rapidly 
confirmed and the pos ition of the disease gene refined by follow-up 
analyses  conducted with more closely spaced probes ,  selected to cover the 
region of interest thoroughly . Because the same RFLP polymorphism• are 
not segregat ing in all families , more s ites are required than might seem 
necessary . For this reason more reference pedigrees are needed . Research 
in highly polymorphic s ites and ways of detecting them should also be 
encouraged . 

At present , this proces s  is often begun with essentially random probe 
collect ions ; once weak linkage is detected , the refinement of the pos ition 
of the disease gene is extremely laborious s ince new sets of probes must 
be developed .  Nonetheles s , when maj or resources are directed to the study 
of particular diseases - - such as cyst ic fibrosis and Huntington ' s  
diseas e - -progres s  can be impres s ive . Only a few years ago , nothing vas 
known about the pos ition in the genome of the gene of e ither of those 
diseases , and no compelling evidence existed that e ither vas caused by 
mutations in the same gene in different afflicted families . Now , as a 
result of the RFLP approach , both genes have been mapped with great 
precis ion and shown to have a common genetic bas is in most or all cases 
(Gusella � AI . , 1983 ; White , 198 6 ) . Equally important , the RFLP 
approach , because of its ability to interrelate genetic l inkage and 
phys ical mapping , has laid the groundwork for locating and analyzing the 
actual DNA sequences respons ible for the diseases by coupled strategies of 
phys ical mapping and cloning , starting with the DNA clones used to probe 
for the linked RFLPs . 

Generalizat ion of this strategy to the large variety of known 
inherited disorders could be expected to advance our understanding of 
bas ic human biology as well as to direct improvements in the diagnosis and 
treatment of many diseases . The reference RFLP map for the human- -and its 
associated collect ion of well - tested DNA probes - -would dramatically 
improve the efficiency of this research , allow the study of diseases in 
smaller family groups , and improve the practicality of studying diseases 
that are caused by alterat ions in more than one gene . The study of 
multigenic disorders could ultimately revolutionize medicine s ince genetic 
predispos it ions to such common disorders as cancer , heart disease , and 
schizophrenia are likely to fall in this category . 

lAKING PHJSICAL MAPS 

Medium-Resolution Mapping of Restriction Sites Is Facilitated by New 
Methods of Preparing and Separating L&rge DNA Molecules 
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At low resolution , cytogenetic mapping of banded chromosomes is 
already advanced . At high resolution , methods such as restriction- s ite 
mapping and DNA sequencing of clones are well established . Maj or issues 
of effic iency must be cons idered in applying these methods to the human 
genome , but , in princ iple , there are no maj or obstacles . However ,  unt il 
recently , the middle range contained a serious gap between the highest 
resolut ion achievable in cytogenet ic mapping with the light microscope ( 10 
million nucleot ide s )  and the lowest resolution achievable by 
restriction- s ite mapping ( 10 , 000 nucleotide & ) . 

At present , prospects of bridging this 1 , 000 - fold gap in resolution 
to connect the two types of maps by increas ing the resolution of 
cytogenet ic mapping are limited . Unt il recently , two substant ial 
obstacles existed to bridging it from the other direction by extending 
restrict ion- s ite mapping to lover resolut ions (and thus longer 
distances ) .  The first obstacle vas a lack of restrict ion enzymes that 
cleave human DNA infrequently enough to produce the very large DNA 
fragments needed for low-resolut ion mapping . The second was an inabil ity 
to separate and measure the s izes of DNA fragments apprec iably larger than 
20 , 000 nucleot ides . During the past  5 years , major progress has been made 
toward solving both of these problems . Restrict ion enzymes have been 
discovered that cleave DNA into fragments with average s izes ranging from 
100 , 000 to 1 million nucleotides .  In addit ion , a method known as 
pulsed- field gel electrophores is , which allows the separat ion of DNA 
fragments as large as 10 million nucleotides , has been introduced 
(Schwartz and Cantor , 1984) . 

Nov that it is poss ible to generate , separate , and measure large DNA 
fragments ,  a variety of ways of constructing restrict ion- s ite cleavage 
maps exist . Cleaving a DNA genome infrequently at specific s ites with 
appropriate restriction enzymes produces many large DNA fragments of 
different s izes . These fragments can then be separated from each other by 
electrophores is through agarose gels . The DNA bands that result can be 
seen e ither by direct DNA staining or by nucle ic -ac id hybridizat ion with 
appropriate DNA probes .  (The latter technique takes advantage of the 
specificity of complementary base -pairing between two DNA strands , which 
allows one highly radioact ive DNA molecule - - the DNA probe - - to be used to 
find its one complementary partner in a mixture that contains mill ions of 
other DNA molecules . )  Although thes e  methods allow different fragments of 
chromosomes to be separated and the ir contents of probe sequences to be 
determined ,  they provide no information regarding the order of these 
fragments along the chromosome . However , the 50 to 500 different large 
fragments produced from each human chromosome can be ordered by an 
extens ion of such analyses . One way involves cutting the genome at two 
distinct sets of s ites with two different restrict ion enzymes , a procedure 
that generates two families of large DNA fragments that overlap . The 
fragments that are ne ighbors in the genome can then be ident ified with 
appropriate DNA probes s ince two overlapping fragment s will hybridize to 
the same probe . In another method , only a s ingle restrict ion enzyme is 
used to produce the large DNA fragments .  In addit ion , however ,  a set of 
small DNA probes ,  called linking probes ,  is generated by selectively 
cloning the short segments of DNA that surround each of the cleavage s ites 
for the restriction enzyme used to make the large fragments .  Because 
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linking probes contain sequences from both a ides of a particular 
restriction s ite , each should hybridize to two different lara• fraaaenta 
when uaed as a DNA probe , thereby demonstrating that these particular 
lara• fraamenta are neiahbora in the aenoae ( Pouatka and Lehrach , 198 6 ) . 

The laraeat DNA aolecule that has been mapped with restriction 
enzymes that cleave DNA infrequently is the s ingle chromosome of � � 
( 4 . 7  aillio.n nucleotide&)  (Saith � Al · · 1987 ; Xohara � &1 . •  1987 ) . The 
averaae apacina of the aapped s ites is approximately 200 , 000 nucleotide& . 
Proar••• in achieving an I ·  � map at hiaher resolution ,  laraely by 
analyz ina ordered sets of DNA clones , is also proceeding rapidly . 

The smallest human chromosome is 10 times as lara• as the I ·  � 
chromosome . Althouah difficult to construct , ita phys ical map could be 
deterained by aethoda that are aenerally similar to those applied to 
I ·  � .  In principle , such an effort would beat be carried out after 
the human chromosoaes were separated from each other , to prevent the DNA 
fraaaents of the other chromosomes from complicating the analys is of the 
one chromosome of interest . In recent years , proareaa in 
chromosome - separation technoloay has been impressive , but expert opinion 
remains divided as to whether the final samples are pure enouah and 
contain enouah DNA to have a major impact on physical mapping proj ects . 
The chromosomes to be separated are isolated from human cells underaoing 
division , a staae of the cell ' s  l ife cycle when the chromosomes are 
condensed and stable . They can be separated accordina to s ize by flow 
cytometry- -a aethod in which the amount of DNA present in condensed 
chromosomes is analyzed while the chromosomes flow one by one throuah a 
small tube . Computer- controlled systeas allow each individual chromosome 
to be diverted to a des ianated collection tube depending on ita DNA 
content . DNA samples prepared from chromosomes separated in this way have 
already served as an important source for producing clone collections that 
are hiahly enriched for the DNA sequences of a particular human 
chromosome . 

Hiah-leso1ution Kappina of Restriction Sites Will lequire tb• Use of 
Ordered Collections of DNA Clones 

The purification of human chromosomes can only aoderately decrease 
the complexity of the DNA samples used for mappina . In contrast ,  cloning 
techniques offer larae decreases in complexity : Throuah chromosome 
separation , the complexity of the samples can be reduced 10 - to 100 - fold , 
whereas cosaid clo.nina reduces the complexity of individual samples 
100 , 000 - fold . Furtheraore , unlike separated samples of human chromosomes ,  
DNA clones will repl icate in aicrobial hosts , thereby allowina the 
production of as much DNA as needed . For these reasons , doina as much 
phys ical mappina as poss ible on cloned DNA has overvhelaina advantaaes . 
Particularly for hiah-resolution mappina , the preferred source of DNA 
samples for phys ical mappina will be ordered collections of DNA clones - -a 
set of cloned DNA fraaaents that have been suffic iently analyzed that they 
can be arranaed to reflect the order of their corresponding DNA fraaaents 
on the oriainal chromosomes .  S ince the clones are usually aenerated in a 
way that produces cloned DNA fraaaents that start and stop at random s ites 
alo.na the chroaosome , each aeaber of the collection will normally overlap 
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extens ively with several neighbors . and the entire collection will have 
cons iderable redundancy ( i . e . , any segment of the chromosome will be 
represented in several different clones ) .  

Fingerprint ing Metbods Can Be Used to Order DNA Clooea 

Preparing an ordered - clone collection involves cloning DNA fragments 
as molecules that can replicate in a microbial host , determining the order 
of these fragments in the genome , and propagating the fragments in pure 
form to make them widely available for subsequent analys is . Much can 
already be done in these respects ,  and the prospects for rapid advancement 
of technical capabilit ies are good . The properties of the cloned DNA 
fragments can then be used to reconstruct their original order in the 
genome . For a set of random clones , some clones will part ially overlap 
the region of the genome covered by other clones . A characteristic of the 
overlapping region can be measured , such as the detailed pattern of 
cutting by a set of restriction enzymes . This analys is is performed for a 
large number of clones individually , and then a computer search of the 
patterns is used to place clones in order (ne ighboring clones are those 
that share part of their patterns ) . This method is called fingerprinting , 
s ince the identifying DNA characteristics of each cloned segment are 
analogous to a fingerprint of the DNA fragment . 

Fingerprinting methods have recently been used successfully to order 
large numbers of cloned DNA segments in yeast , I ·  coli , and nematode 
genomes (Olson §£ a1 . •  1986 ; Coulson st a1 . •  1986 ; Daniels and Blattner , 
1987 ; Kohara §£ Al . •  1987 ) . In principle , this method should provide an 
efficient way to group DNA clones into contiguous regions that cover 90 
percent or more of the genome . A common problem , however , is that the 
matching of contiguous segments proceeds rapidly at f irst and then slows . 
Finishing the process by us ing DNA-probe techniques to find the clones 
needed to f ill in the map then becomes time - consuming and tedious . The 
unexpectedly large number of gaps have two princ ipal explanations : ( 1 )  
Not all overlapping segments are being recovered because o f  biases 
inherent in the DNA cloning procedures used , and (2) the fingerprint 
information collected for the overlapping DNA segments lacks sufficient 
precis ion to distinguish all DNA fragments from each other unambiguously . 
Progress  in both areas may be expected as a wider variety of cloning 
systems are explored and more sophist icated fingerprinting methods are 
developed . For example , alternatives to the use of restrict ion enzyme 
cutt ing patterns as the fingerprint are being explored ( Poustka � §! . , 
198 6 ) . 

Tbe Optimal Method for Preparing Ordered Collect ions of DNA Clones Is Not 
Yet Clear 

Although the general princ iples of working with ordered collections 
of DNA clones are well established , the technology is in a state of flux . 
A promis ing recent development is the demonstration that yeast can be used 
as host  cells for cloning large human DNA segments . Several laboratories 
have shown that DNA fragments as long as 500 , 000 nucleotides can be cloned 
as artificial chromosomes in yeast . These fragments are 10 t imes the s ize 
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of the fragments that can be cloned with current bacterial-host systems 
( Burke � Al · • 1987) . Further development of systema for cloning large 
DNA molecules will greatly enhance the efficiency of ordering DNA 
fragments . For example . it should be poss ible to prepare DNA clone 
collections by us ing a s ingle restriction enzyme that cuts DNA 
infrequently ; this procedure would generate a s ingle family of large DNA 
fragments that are then cloned . This family would be much leas complex 
than the collection of randomly cut clones required for the fingerprinting 
method . A second set of short DNA clones that specifically includes all 
the rare restriction s ites that were cut to make the large fragments could 
then be used as linking probes to establ ish the continuity between 
adj acent large fragments .  thereby allowing the large fragments to be 
ordered along the genome . 

The eDNA clones representing the transcribed regions of the genome 
represent an alternative source of probes that could be used to 
demonstrate the adj acency of large cloned fragments .  Because eDNA clones 
are made by reverse transcription of mRNAs . they lack the intron sequences 
that interrupt the exons in the genomic DNA . The exons that have been 
j oined together in the cDNAs will often be encoded by the DNA from more 
than one large genomic fragment . so that DNA probes prepared from cDNAs 
can be used to order the fragments from adj acent portions of the genome . 
This method has the advantage that the eDNA clones are themselves of 
special interest s ince they represent the portion of the genome that is 
selectively expressed in cells . 

Still another source of useful probes would be a set of RFLP DNA 
probes that have been ordered by genetic linkage analyses of standard 
famil ies . An RFLP map with a 1 - cM resolution would provide markers 
separated by 1 million nucleotides . on average . If a DNA clone collection 
of human genome fragments that averaged several million nucleotide& in 
s ize could be constructed . it could be readily ordered with these markers . 

For certain methods at least . the task of ordering the DNA clones 
obtained from the human genome is complicated by the cons iderable 
repetition of DNA sequences in the genomes of higher organisms . These 
sequences are largely absent from the I· �. nematode , and yeast genomes 
from which ordered clone collections have thus far been prepared .  
Addit ional problems are expected from the instability of selected clones 
observed when 1 .  £211 serves as the host for cloned DNA ; it is too early 
to know whether these problems will also apply to the never yeast cloning 
systems . For all these reasons . it is uncertain which cloning and l inking 
methods will prove most effective for a human genome proj ect . Further 
methodological developments could even supplant all present methods . 

!MMEDIATE APPLICATIONS OF CBROMOSOM! MAPS 

A number of important applications of chromosome maps could be 
pursued even while the various mapping activities are progress ing . We 
have already discussed hov even a partial map can be expected to 
fac il itate the isolation of specific human disease genes . Each map should 
also support early sequencing efforts . The lover resolution phys ical maps 
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will provide a framework within which to organize the highly fragmentary 
sequence data that will be generated by these initial sequencing efforts , 
while the ordered- clone collections will provide the actual fragments that 
are subcloned for final sequencing ( see Chapter 5 ) . 

Chromosome maps can also be usefully applied to begin a systematic 
ass ignment of expressed genes to map pos itions . Most  DNA in the human 
genome is e ither not part of an expressed gene or is in one of the many 
intervening sequences ( introns ) that separate the prote in- coding portions 
of expressed genes . The cloning of eDNA produces only the coding DNA 
sequences present in expressed genes ( the exons and not the introns ) .  It 
is poss ible to make large collections of eDNA clones derived from the 
genes that are expressed in particular tissues or at a part icular stage of 
development and differentiation and to embark on the systematic ass ignment 
of each expres sed gene to a map pos ition on the chromosomes .  Methods are 
be ing developed to avoid the standard problem with eDNA , which is that 
genes expressed at a low level are often missed , whereas genes expressed 
at a high level produce much mRNA and therefore are obtained repeatedly as 
eDNA clones . These methods aim at producing "normalized" eDNA libraries , 
in which each expressed DNA sequence is equally represented . 

Initially , the map ass ignments for the expressed genes could be based 
on the exist ing cytogenet ic map and could be carried out by somatic cell 
genet ic techniques , as well as by in s itu hybridization of cDNAs to 
chromosomes .  As the phys ical mapping and sequenc ing of the genome 
proceeded , it would require relatively l ittle effort to refine these 
ass ignments . 

CONCLUSIONS AND RECOMMENDATIONS 

Methods for phys ical and genetic l inkage mapping have developed 
steadily and impress ively over. the past three decades . Today , 
low- resolution genet ic l inkage mapa and cytogenetic maps exist for much of 
the human genome . During the past few years , these maps have led to the 
identification of genes or chromosome segments involved in several human 
diseases . These advances underscore the extent of past progres s in genome 
mapping and the promise that it holds for contributing to improved human 
health . 

Recent Breakthroughs Have Set the Stage for Large - Scale Mapping 

Breakthroughs in mapping methods during the past several years have 
made it pos s ible to construct chromosome maps of unprecedented 
completeness , accuracy , and detail . These breakthroughs include the 
development of techniques that have allowed 100 - fold larger DNA molecules 
to be separated and manipulated than previously pos s ible . In addition , 
new and powerful methods for following the inheritance of arbitrary 
segments of chromosomes through human pedigrees are available . Both 
phys ical and genet ic l inkage mapping have been invigorated by these 
developments , and important synergism has arisen between the se two 
approaches to genomic mapping . Consequently , the goal of developing 
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complete physical and genetic linkage mapa of the human genoae in a 
relat ively short t ime is nov realistic . These maps would be useful in 
their own right and would pave the way toward constructing the ultimate 
human map- - the complete DNA sequence of the human genome . 

The task of making a human genome map will by no aeana be easy . The 
longest complete phys ical map that has been constructed to date ia for the 
I ·  � chromosoae . This map ia only 1/640 the s ize of the human genome . 
The I ·  � mapping benefited from an enoraoua base of knowledge on the 
bacterium accumulated during 40 years of intensive study . For ezample , 
approximately 1000 genes have been ass igned to pos itions around the I ·  
� chromosome , whereas a comparable region of the human genome , on 
average , contains a s ingle known gene . Even after the genetic l inkage 
mapping is completed at the 1 -aillion nucleotide resolution recommended in 
this report , an I ·  �- s ized region of the human genome would contain 
only a handful of genetic markers . Thus , constructing a phys ical map of 
even the smallest human chromosome with today ' •  technology would require a 
substantial effort . 

It is anticipated that the aost difficult aspect of the phys ical 
mapping will be the achieveaent of long -range connectivity . Although it 
is likely that a large proportion of the human genoae could be mapped at a 
resolution of a few thousand nucleotide& s imply by relying on the 
qwefingerprinting of overlapping clones , so many gaps would likely be left 
that the connectivity achievable by this approach would be poor . The 
committee believes that the utility of the phys ical map will increase 
dramatically as its connectivity improves . Consequently , attaining high 
connectivity in the phys ical map should be a maj or priority of the overall 
human genoae proj ect . 

Because the technology needed for genetic linkage mapping with RFLPs 
is aore advanced than that for phys ical mapping , an immediate emphas is 
should be placed on complet ing the genetic l inkage map . A proj ect with 
the goal of attaining of a fully connected map with an average resolution 
of 1 eM is strongly recommended .  This goal would require that a few 
thousand new RFLPs be identified and mapped by clas s ic l inkage analysis on 
DNA samples fro• a set of three -generation faail ies . Such an effort , 
which could begin immediately , would be expected to require several years 
to complete and to cost approximately $40 mill ion . 

Different Mapping Methods Sbould Proceed in Parallel 

A critical feature in all mapping is that the results from different 
methods are addit ive and corroborative . For example , the restriction- s ite 
maps , the eDNA maps , and ordered DNA clone collections go hand in hand 
s ince each helps construct the other . The use of one of these maps to 
study human disease also requires a genetic l inkage map . In turn , efforts 
to construct l inkage maps at higher resolutions will be ass isted by the 
existence of corresponding phys ical maps . Thus , no s ingle strategy is 
beat overall . All types of mapping need to be coordinated as part of a 
human genoae proj ect . 
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The natural tendency of researchers to press  forward with the 
detailed analys is of chromosomal regions of particular interest should be 
encouraged . The committee specifically recommends against a centrally 
imposed plan to proceed from lover to higher resolution as is implic it , 
for example , in proposals to complete the ent ire phys ical map before 
initiat ing pilot sequencing proj ects . Such proj ects will no doubt begin 
with the sequencing of large chromosomal regions of part icular biological 
interest . 

Tbe Improvement of Phys ical M&pping Tecbnigues Should Be Closely Coupled 
to Actual Attempts to MaP L&rae Genqmes 

Experience teaches that the pract ical problems fac ing large - scale 
mapping efforts become clear only when attempts are made to apply new 
methods to actual map production . Many approaches that seem ideal in 
theory fail for reasons that cannot be foreseen . In addition , the 
day - to - day press  of practical problems drives the development of useful 
new technology . Thus , the committee recommends that actual mapping 
efforts be supported nov on a substant ial scale . 

Nonetheless , a maj or init ial focus of most laboratories involved in 
phys ical mapping proj ects is likely to be the development of techniques . 
Despite recent advances , many limitations on phys ical mapping methods 
still exist . For example , DNA fragments as large as 10 mill ion 
nucleotides can be handled , but only with cons iderable difficulty , and 
such large fragments cannot yet be cloned . Ordered DNA clone collect ions 
have been started , but not completed , for several organisms with genomes 
that are at most 1/50 the s ize of the human genome . Advanced technology , 
such as handl ing larger DNA pieces , can expedite the preparation of such 
clone collections . In addit ion , the stabil ity of the cloned DNA fragments 
is a maj or concern , s ince once the effort is devoted to constructing an 
ordered DNA clone collection , one should be able to count on it as a 
permanent resource for future studies . 

Specific Improvements Tbat Will Facilitate Hap Construction and Usefulnes s  
Can B e  Identified 

In each aspect of mapping , major improvements in technology seem 
l ikely to emerge over the next few years . These improvements , which 
should be the maj or initial goals of the human genome proj ect , will 
include increased DNA s ize range , increased resolution , diminished cost , 
and improved accuracy . Some of the specific target areas include 
improving or creating methods for : 

• Phys ically separating intact human chromosomes 

• Isolat ing and immortaliz ing identified fragments of human 
chromosomes in cultured cell l ines 

• Cloning complementary DNA from low-abundance messenger RNA 
and obtaining "normal ized" eDNA libraries 
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• Cloning large DNA fragments 

• Purifying large DNA fragments 

• Separat ing large DNA fragments with higher resolution 

• Ordertna the adj acent DNA fragments in a DNA clone bank , 
including .. themat ical and statistical work that would aid in 
map construction 

• Automating various steps in DNA mapp1ng , includ1ng DNA 
purification and hybridization analys is , and handl ina of many 
different DNA samples s imultaneous ly 

• Data recording , storage , and analys is , with attention to the 
mathemat ical and statistical probleas of optiaiz ing phys ical 
mapping and sequence asseably and to the application of 
statist ical aethods of database qual ity control . 

In addition , expanded collections of CEPB - l ike , three -generat ion 
faail ies froa which DNA could be distributed for genet ic l inkage studies 
will be important in facil itat ing map construction . 

Because the technology is still in its infancy ,  support should be 
directed to those research groups judged to have the greatest ability to 
develop technology , rather than to routine product ion centers staffed 
mainly by technicians . 
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CHAPTER 5 

SEQUENCING 

The nucleotide sequence of a genome is ita phys ical map at the 
highest  level of resolution . It provides all the information that goes 
into making up an individual ' s  genetic complement , and no two individuals 
( except identical twins ) share the same genome sequence . Rather , each 
varies from every other by about 0 . 1  percent of the 3 billion nucleotide 
pairs in the haploid genome , or approximately 3 million differences . 
Moreover , every human contains a dupl icate copy of every chromosome , with 
a 0 . 1  percent difference between the sequence of each of his or her two 
homologous chromosomes ( that is , the average person in a population is 
heterozygous for 0 . 1  percent of the nucleotide pairs ) . These differences 
have arisen by mutations accumulated over the course of evolutionary time , 
and moat of them do not affect the normal functions of the individual . 
Any sequence derived from the human genome will be a prototype - -a 
blueprint that will lay out the bas ic organization and sequence of the 
genes on the chromosomes .  This prototype may be derived by forming a 
compos ite of regional sequences from many individuals : it need not 
represent the complete sequence of any one person . The nature of 
individual variation will become apparent when regions of interest are 
compared among individuals . 

In 197 1 , the first nucleotide sequence vas obtained directly from DNA 
with the determinat ion of the 12 -nucleot ide - long cohes ive ends of the 
bacteriophage � (Wu and Taylor , 1971) . S ince that time , with the advent 
of rapid techniques , about 15  million nucleotide& of DNA sequence have 
accumulated in the Genbank database ( see Chapter 5 ) , of which over 2 
million are from human DNA (Howard Bilofaky of Bolt Beranek and Newman 
Inc . personal communication , 1987 ) . This figure represents approximately 
0 . 07 percent of the human genome . Thus , although human genomic sequencing 
has already begun , unless a special effort is init iated , the entire 
sequence will not be available for many decades , if ever . 

m SEOUENCE THE ENTIRE HUMAN GENQME? 

There is general agreement in the biological sciences community that 
a phys ical map of the human genome . as represented in a set of cloned 
overlapping fragments , is a worthwhile goal . There is much leas consensus 
on the advisabil ity of embarking on the determination of major amounts of 
ita nucleotide sequence . Three kinds of reservations are often vo iced : 

• S ince the amount of useful prote in-coding information in the 
genome is estimated to be 5 percent or leas , a great deal of 
effort would be expended in determining the order of nucleotides 
of no apparent s ignificance . If mass ive amounts of sequencing are 
to be done , why not sequence only large libraries of cDNAa 
instead? 
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• Even if only cDNAs were sequenced , we would lack the abil ity to 
utilize the vast amount of sequence information generated .  The 
problea will be even worse with a coaplete genoae sequence . 
Therefore , the limited amount of knowledge gained is not worth the 
ant icipated cost . 

• Even if the proj ect ia worthwhile , the intens ive effort required 
will divert funds from other research aimed at understanding the 
structure and function of genes in all organisaa , and , therefore , 
there will be a net loaa rather than a net gain of important 
biological informat ion . 

To address  the first point , one must cons ider whether it would be 
less difficult to ident ify , before sequencing , the 5 percent of the genome 
that actually encodes proteins than to sequence the ent ire genoae . Given 
the present state of sequencing technology , this is certainly the case ; 
for this reason , we would anticipate that aost human genome sequencing in 
the immediate future will be carried out on eDNA clones , which represent 
the expressed DNA sequence . However , it seems fair to assume that by the 
time sequencing begins on a mass ive scale , its technology will have 
matured so far that inserting a preliminary step that discriminates among 
genes , intergenic regions , and introns - -which will presumably involve 
sorting out all the repeated isolates of the saae DNA clones - -will be less 
efficient than sequencing large regions from ordered genomic DNA clone 
libraries without reference to the ir contents . This , of course ,  assumes 
maj or technological advances in sequenc ing , as will be described 
subsequently . 

Another reason to sequence aore than Just cDNAs is that sequencing 
the entire genome is certain to reveal unsuspected sequences having 
important funct ions . For ezample , one of the great challenges of a genome 
sequenc ing proj ect is to identify potentially important functional domains 
involved in gene regulation and chromosome organizat ion . The ident ities 
of such sequences will be elicited by multiple analyt ical approaches and 
will require sequence coaparisons between the analogous intergenic regions 
in mult iple species ( including human versus mouse)  and the recognit ion of 
unusual patterns of sequence within a s ingle organism . As one example , 
the comparative sequenc ing of 3 , 500 nucleot ides of a regulatory region 
from the engrailed gene of two different Drosophila spec ies has revealed 
the presence of more than 50 short blocks of evolutionarily conserved 
sequences , most of which are suspected to represent the binding s ites for 
different gene regulatory prote ins (J . Kass is and P .  O ' Farrell , Univers ity 
of Cal ifornia , San Franc isco , personal communication , 1987 ) . Determining 
the funct ion of each of the sequences will require experimental testing 
based on the sequence analys is , which can pinpoint even short sequences 
that deserve serious investigation by virtue of the ir conservation during 
evolut ion . 

Sequence comparisons will pick up genes readily as evolut ionarily 
conserved sequences in the genomes . However , such comparisons are rarely 
necessary for picking out coding sequences s ince exist ing analytical tools 
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are adequate to identify thea within a s ingle DNA sequence . Standard 
procedure is to uae computer programs to identify open reading frames 
which , are regions of nucleotide sequence lacking the stop codons that 
terminate a protein sequence . Practical ezperience shows that this 
information , when coabined with codon uaage patterns and other 
characteristics allows one to identify virtually all genes in a nucleotide 
sequence , even though short exons will occas ionally be aissed (Staden and 
McLachlan , 1982 ) . Accurate specification of the coding sequences can then 
be obtained by a standard experimental analysis of the corresponding 
clones in a collection of cDNAs . Soae of the genes discovered will have 
immediate s ignificance to the biomedical community because they are 
as sociated with a disease . Many others will be analyzed and found to 
contain hoaologies to existing gene faailies , an immediate clue to their 
poss ible function . As aore gene sequences are determined , such relations 
among genes will be found with increas ing frequency (as has recently 
happened ,  for example , among genes that encode cell surface proteins that 
bind specific protein aolecules that are involved in cell s ignal ing) , and 
ent irely new gene families will be identified as well (Dool ittle � &1 . •  

198 6 ) . 

Crit ics will rightly point out that a complete human genome sequence 
will make such a huge number of genes - -perhaps as many as 
100 , .000 - -directly access ible that the funct ion of the vast majority of 
thea will remain unknown for many decades after the genoae has been 
completely sequenced . Why then should one devote extra resources to 
speeding up the completion of the sequencing effort? The committee feels 
that DNch is to be gained from having a complete catalogue of human gene 
sequences that does not require knowing the funct ion of aost of the 
individual genes . For example , scient ists interested in the s ignaling 
actions of cyclic nucleotide& will immediately be able to recognize a 
large group of genes that are l ikely to produce proteins that bind cyclic 
nucleot ide& . Spec ific antibodies can be prepared to each of these 
prote ins and used to test for the role of each of thea in any s ignaling 
pathway of interest . Whole families of proteins that are likely to 
aediate the s ignal ing effect of calc ium ions can be identified in a 
s imilar way . Likewise , a large group of candidate human genes will be 
immediately available as potential analogues of any newly discovered 
yeast , nematode , or Drosophila prote in , for example . Other novel uses of 
the genoae sequence data , unforeseen at present , will be developed by 
individual scientists , just as many of the most important current uses of 
recoabinant DNA technology were not foreseen by its early developers . In 
short , we anticipate that the genome sequence will serve as a bas ic 
"dictionary" that catalyzes striking advances in our understanding of 
cells and organisas . 

In response to the third critic isa , the committee specifically 
recommends that the sequence of the human genome be determined in parallel 
with analogous sequenc ing of the genomes of the other organisas needed to 
interpret the human data . Thus , the bas ic research on these aodel 
organisas should be closely integrated with data on humans . In addition , 
the proj ect DN&t have independent funding so that it does not divert funds 
fro• ongoing bas ic studies , particularly in trying to understand the 
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function of genes in in all organisms , because it is ultimately such 
research that will make the information on the human genome interpretable .  

Finally , a concerted sequencing effort will benefit a wide range of 
biological investigations . By puahing the development of sequencing 
technology and establishing sequencing centers , inexpens ive sequencing 
will become available to anyone Who has a legitimate need for it . In this 
way the envis ioned proj ect will free individual laboratories from the 
routine and currently labor- intens ive effort of sequencing their few genes 
of interest - -a necessary prelude to studies of gene function and regulated 
expres s ion .  It is extremely inefficient for each laboratory to set up the 
facilit ies needed to sequence the 100 , 000 to 1 mill ion nucleotides that it 
finds of interest . lather , the recommended proj ect grows out of the 
recognit ion that elucidating of nucleot ide sequences (as distinct from 
s equence analys is ) is ideally an exercise of product ion , not of research . 

Accumulating large amounts of DBA sequence data will have an impact 
on the biological community in other ways as well . The informat ion 
contained within the genome sequence will allow full investigation into 
the nature and extent of polymorphism , or divers ity ( see Chapter 4) . in 
the genes in the human population . Once genes with widespread divers ity 
( such as the major histocompatibility antigens and T- eall receptor genes)  
are identified , comparat ive sequencing of  a s ingle gene or  gene family in 
many individuals will naturally follow . Finally , the availability of 
structural information on a variety of genes will stimulate efforts to 
correlate prote in coding domains , or exons . with prote in folding domains . 
It has been proposed that the segments of prote ins encoded by individual 
exons arose during evolution as small protein units capable of independent 
folding and that they have assembled into multifunct ional prote ins as 
independent domains (Gilbert , 1978 , 198 5 ) . By studying these 
correlat ions , one may learn much about the rules that govern the secondary 
and tertiary structure of prote ins . Such spin-offs will be of great value 
to the biological community and are meant to augment its act ivit ies - -not 
to detract from them . 

ClJlUlQT TECHNQLOGY II DBA SEQUENCING : CRIMI CAL AND ENZYMATIC MITRODS 

Any proj ect to sequence a large genome with many repeated sequences 
would not start with short . randomly selected genome fragments ,  even 
though this is the eas iest way to obtain a large amount of sequence 
information quickly . Host of the sequences obtained in this way would be 
short (perhaps 200 to 600 nucleotide s ) , and millions of gaps would be left 
between them . Because most genes in humans extend for many thousands of 
nucleot ides (Table 2 - 1) , l ittle informat ion of biological value can be 
obtained from a collection of such short sequences . For this reason , 
sequencing would normally begin with a large cloned segment of DBA that 
would be sequenced completely . Such a DBA segment must f irst be subcloned 
into smaller . more manageable fragments .  This can be done by one of three 
methods : 
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• Generate a detailed restriction map , and determine from the map 
the identity of each subclone and its relation to the whole . 

• Beginning at one end of the large segment , generate a series of 
succes s ively smaller DNA fragments by a l imited removal of 
nucleotides from the end with exonucleases ( enzymes that hydrolyze 
the phosphodiester bonds that join nucleotides together starting 
at a chain end) : clone the remaining DNA to produce a series of 
clones of known origin . 

• Generate a totally random series of overlapping subclones ,  whose 
relationship to one another is revealed only after their 
sequenc ing . 

Large sequencing proj ects often mix all three strategies . One 
sometimes begins by randomly sequencing fragments and follows with 
directed sequencing of specific subclones as the gaps are located . All 
sequencing strategies require some redundancy in the form of overlapping 
sequences in order to merge the results of several determinations from 
different subclones and to provide a check on the accuracy of the 
sequence , which requires the sequencing of both DNA strands as a 
cross - check on systematic errors . The subcloning method will determine to 
a large degree the amount of redundancy in the data . Although 
t ime- consuming during the subcloning process , the f irst and second 
subcloning methods ultimately require that any s ingle segment be sequenced 
only about three t imes . The third method , because one is sequencing 
subclones at random , generally requires that each segment be sequenced 
approximately 10 times : however , methods are available to specifically 
select miss ing clones , after a three- fold coverage , which reduce the 
amount of redundant sequencing (Sanger � Al · · 1982 ) . 

The ability to sequence large stretches of DNA became a reality in 
the middle to late 1970s with the independent development of two 
techniques . One of these , developed by Sanger and his colleagues at the 
Medical Research Council in Cambridge , England , is a method called 
enzymatic sequencing ( Sanger � A! . •  197 7 ) . The unknown sequence is 
subcloned into a s ingle - stranded DNA virus , and DNA synthes is is initiated 
from a primer sequence adj acent to the unknown sequence . This method 
utilizes the princ iple that when appropriately des igned chain- terminating 
analogs of the four DNA nucleotides (A , G ,  C ,  and T) are incorporated into 
DNA by DNA polymerase , synthes is of the growing DNA chain is terminated . 
For example , if the synthesis of DNA molecules begins at a fixed point on 
a template in the presence of a low concentration of the A analog , the 
analog will infrequently be incorporated instead of the normal A 
nucleot ide at any one pos ition . However ,  when incorporat ion occurs , the 
synthes is of the chain stops . Thus a nested set of DNA fragments that 
terminate at every A nucleotide in the unknown sequence is generated .  By 
correlat ing the length of the terminated chains with the identity of the 
base analog that was present in the reaction , one can determine the order 
of the nested DNA fragments and , hence , the corresponding terminal 
nucleot ides (Figure 5 - l) . At present , this method dominates DNA 
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Figure 5 - l . DNA aequenctna by the enzymatic method . The key to this 
method ia the uae of a dideoxyribonucleoa ide triphosphate that blocks the 
addition of the next nucleotide after ita incorporat ion into the arowina 
chain . The primed in vitro aynthe a ia of DNA molecules tn the presence of 
a minor proport ion of a a inale - type of such a chatn-terminatina nucleotide 
aeneratea a family of DNA fragments each of which ends tn the particular 
chain- terminat ina nucleotide ( aee also Figure 5 - 3 ) . Here radioactive DNA 
primer ia used to tnitiate the ayntheaia of such DNA fragments and four 
different aynthea ia reactions - - each with a different chain-terminat ina 
nucleotide - -are analyzed by electrophores is in four parallel lanes of a 
ael . The DNA sequence ia then determined from the electrophores is 
pattern . [Adapted ,  with permiss ion ,  from Molecular Cell Bioloay by James 
Darnell � Al ·  ( 1986) . cl986 by Scientific American Books , Inc . , New 
York . ] 
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sequencing appl ications primarily because once the subclones are generated 
the procedure involves only a few s imple steps . 

The second technique , which is referred to as chemical sequencing , 
vas developed by Maxam and Gilbert at Harvard Univers ity (Maxam and 
Gilbert , 1977 ) . It uses chemicals that break the DNA chain at specific 
bases . The DNA molecule is labeled at one end with a radioact ive tag . It 
is then cleaved with each chemical separately in such a way as to generate 
breaks infrequently at any given base . As in the enzymatic sequencing 
technique , the DNA fragments are separated according to s ize , and the 
s izes  are correlated with the base that is cleaved (Figure 5 - 2 ) . This 
method is generally more time - consuming than the enzymatic sequencing 
method , but it often produces fever ambiguities in the interpretation of 
the data . 

Both methods generate mixtures of specific DNA fragments that are 
separated by polyacrylamide gel electrophore s is - - a technique that can 
resolve fragments that differ in s ize by a s ingle nucleot ide . When 
radioact ively labeled DNA fragments are used , they are detected by 
expos ing the gel to an x- ray film .  That film ,  which has imprinted upon it 
a ladder of bands distributed over four parallel lanes representing the 
four nucleotides of DNA , must be interpreted or read by an experienced 
person and the data must be entered into a computer . Machines have been 
developed to expedite this process through the use of a stylus attached to 
a computer that points to each band on the x- ray film .  The computer then 
registers the pos ition and translates it into one of the four nucleot ides 
of DNA . Attempts are nov under way to develop x-ray film scanners capable 
of reading such films directly . In addition , automatic methods that use 
fluorescent labels have been introduced ( see Figure 4 - 3 ) . It is critical 
that other strategies for reducing the human labor and error involved in 
this process be developed if the human genome is to be sequenced in a 
timely manner . 

TBE DIFFICULTY OF DETERMINING THE SEQUENCE OF TUE RUMAN GENOME WITB 
CURRENT TECBNOLQGY 

What constrains efforts to embark immediately on a large - scale human 
genome sequenc ing proj ect? The cost and inefficiency of current DNA 
sequencing technologies are too great to make it feas ible to contemplate 
determining the 3 bill ion nucleot ides of the DNA sequence in the human 
genome within a reasonable time . The largest contiguous segment of human 
DNA determined to date is the 150 , 000 nucleot ides encoding the human 
growth-hormone gene . This is 0 . 005 percent of the total genome . 

Some other numbers are informative in this context . Currently , a 
skilled laboratory worker in a we l l - equipped facil ity can produce from 
about 50 , 000 nucleot ides of finished DNA sequence per year (B . Barrell , 
Medical Research Council , Cambridge , personal communicat ion , 198 7 )  to 
about 100 , 000 nucleot ides of finished sequence per year (E . Chen , 
Genentech , personal communication , 198 7 ) . The cost of this sequence 
range s  from $1  to $2  per nucleot ide , an estimate based on the as sumption 
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Figure 5 - 2 . DNA sequencing � the chemical method . A DNA fragment that 
is radioactive only at its 5 end is the material to be sequenced . A 
different chemical reaction in each of four samples breaks the DNA 
fragment only (or ma inly) at A ,  G ,  both C and T ,  and C residues , 
respect ively . The labeled DNA subfragments created by these reactions all 
have the label at one end and the cleavaae point at the other . 
Electrophoresis of each sample throuah a polyacrylamide ael then allows 
each DNA subfragment to be separated accordina to its s ize . After 
autoradioaraphy of the ael , the four sets of labeled subfragments (one set 
per ael lane) toaether yield one radioactive band for each nucleotide in 
the oriainal DNA fragment . [Adapted , with permiss ion ,  from Molecular Cell 
Bioloay by James Darnell � Al· ( 1986) . cl986 by Scient ific American 
Books , Inc . , New York . ] 
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Figure 5 - 3 .  DNA sequencing by the enzymatic aethod . The aethod shown 
here is s imilar to that used in Figure 5 - l . The ma in difference is that a 
fluorescently labeled primer is used to initiate the synthes is of the DNA 
frasaents ,  rather than a radioactively labeled one . The four sets of . 
differently labeled fragments are analyzed by the fluorescence as they 
move along a s ingle gel lane . [Adapted , with perais s ion ,  froa Molecular 
Biology of the Cell , second edit ion , by Bruce Alberts � Al ·  ( 1989) ] .  
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that one worker costs a laboratory approximately $100 , 000 per year . 
including salary . supplies . and overhead . Even at the upper estimate of 
100 , 000 uucleotides sequenced per person per year (which has been rarely 
achieved in a sustained effort) .  determining the human genome sequence · 
would require 30 , 000 person-years of work at a cost of $3  bil l ion . S ince 
the sequencing of the genomes of other species ia essential for an 
understanding of the human genome . the actual amount of sequencing aay 
approach 6 bill ion uucleotides , at a current cost of $6 billion . This 
high cost of sequencing reflects the fact that the endeavor is still 
highly labor intens ive and does not include unforeseeable technical 
problems or technical improvements .  

Host of the t ime spent in a sequencing proj ect is occupied with 
obtaining the original DNA clones containing the gene of interest and 
subcloning and handling the DNA prior to performing the actual sequencing 
reactions - - steps that have not yet been streamlined or automated . In 
addition , the entire process  from subcloning to interpreting gels requires 
careful supervis ion of personnel ; a rat io of no more than three 
technicians for each doctoral scientist is generally accepted as optimal . 

The rate of DNA sequence determination is also limited by the fact 
that all techniques currently use polyacrylamide gels that resolve no more 
than 250 to 500 nucleotide• at a t ime .  At this level of resolution , 180 
million to 360 million individual sequence determinations would be 
required for the human genome , given the estimate that each sequence will 
need to be determined three times over . By increas ing the length of the 
average contiguous sequence that can be determined on a s ingle gel . 
cons iderable t ime and effort would be saved . 

THE ACCURACY or DNA SEOVENCIBQ 

Unless the human genome sequence is determined accurately . it will be 
of l ittle use . Errors in DNA sequence determination occur at several 
levels . The most common is caused by insufficient resolution of adjacent 
DNA fragments in gel electrophores is because of compres s ion in their 
migration (neighboring bands merge into one ) . These effects are 
especially prevalent in regions containing large numbers of G and C 
nucleotides . Aberrat ions in the sequencing reactions can also occur in 
stretches of unusual sequence . These problems are compounded by human 
error , such as when researchers attempt to guess the sequence in ambiguous 
regions and when sequence gels are read past the point of accurate 
resolution . Another common source of human error occurs in transcribing 
the data into the computer . One potential source of error that will 
become more common as large - scale sequencing is attempted res ides in the 
presence of short . highly repetitive sequences in human DNA . which can be 
confused when they occur in multiple clones . Furthermore .  the cloning 
process itself aay introduce a few errors . 
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The accuracy of DNA sequencing has not yet been firmly establ ished . 
A careful and experienced laboratory probably achieves an accuracy of 
about one error in every 5 , 000 nucleotide• ( 0 . 02 percent error rate) in 
the f inished DNA sequence , but this degree of precis ion requires careful 
attention to virtually every nucleotide in the sequence (E . Chen , 
Genentech , personal communication , 1987 ) . Such attention inevitably slows 
the sequencing rate . It will be difficult to hold the error rate to this 
level in a large - scale nucleotide sequencing proj ect . 

Although a few investigators have achieved a 0 . 02 percent error rate , 
most  careful workers can only achieve an error rate of 0 . 1  percent . It is 
important to cons ider the impact of this error rate in the sequence of the 
human genome . Although it might seem large , the committee believes it is 
tolerable .  The estimated level of DNA sequence heterozygos ity among 
individuals is also about 0 . 1  percent . However ,  most human polyaorphisms 
will be excluded from coding sequences .  The errors in the DNA sequence 
will be randomly placed , and those errors in coding regions of genes that 
are e ither insertions or deletions of nucleotide& (as most sequencing 
errors are ) will have profound effects in that they will cause the reading 
frame to shift . This could lead to a failure to identify a segment as 
coding for a protein . If we consider that the average coding region 
( exon) is approximately 200 nucleotide& long , one can anticipate that an 
error will occur on average in one of every five exons . The detection of 
some of these errors in exons may be facil itated by computer programs that 
predict coding regions on the bas is of the use of particular sets of three 
nucleotide& ( codons ) that code for each amino acid in humans . However ,  
the errors will eventually be identified with certainty only by those 
interested in that region of the genome . This analys is puts into 
perspect ive the need to aim for approximately 0 . 1  percent as the maximum 
acceptable error rate in the init ial sequence produced . 

EMERGING AND FUTURE TECftNOLOGY 

The obvious mismatch between the efficiency of current DNA- sequencing 
technology and the genetic complexity of genomes in even the s implest 
cells  has given rise to several research proj ects aimed at developing more 
efficient sequencing methods . We seem to be on the threshold of a new 
generat ion of sequencing methods that should make large - s cale sequencing 
proj ects more practical . Given the emergent state of these technologies , 
however ,  it is not surpris ing that expert opinion is widely divided on 
several key questions . 

• Which of several next -generation strategies will prove most 
effect ive ? 

• Will the best next -generat ion strategy represent a quantum jump in 
sequencing capability or an incremental improvement that largely 
decreases the tedium of sequencing and shifts costs from skilled 
labor to instruments ?  
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• In looking ahead to the need for a aeries of cumulative 5 - to 
10- fold increases in sequencing capability , ia the future likely 
to lie in scaling up automated techniques that are already at the 
prototype stage , or does it lie in revolutionary new aethoda? 

These questions will reaain unanswered until future large - scale 
proj ects have been coapleted . Particularly crucial will be a 
deterainat ion of the atepa in a sequencing proj ect that becoae 
rate - l iaiting aa the goals of sequencing are increased . No foreseeable 
technology will be able to automate DNA sequencing coaprehena ively . DNA 
sequenc ing involves a coaplez aeries of ezperiaental steps with widely 
various prospects for automation . Por this reason , a given increaental 
increase in efficiency at any one step will rarely result in a coaparable 
increase in overall effic iency . 

Several current research proj ects aiaed at automating varioua steps 
of sequencing are at different stages of developaent , and they illustrate 
the range of approaches being tested . They not only call for different 
technical strategies , but to various degrees they also reflect different 
perceptions of the steps in DNA sequencing aoat in need of greater 
effic iency . Several groups [ California Inst itute of Technology , DuPont , 
and the European Molecular Biology Laboratory (EMBL) ] are adapting the 
bas ic enzyaat ic sequencing aethodology to a aore automated operation at 
the level of reading the sequencing gels . Others are developing automated 
fila readers , which are leas ezpena ive and not liaited by the alov rate of 
electrophoresis (Elder � &1 . •  1985 ) . Radioactive labeling of the 
fragaenta has been replaced by the use of fluorescent tags , which can be 
detected in the gel by characteristic light eaiaa iona evoked by laser 
illumination . The Cal Tech and DuPont aethoda allow aore effic ient uae of 
the polyacrylaaide gel , s ince the four reaction aizturea representing the 
four DNA nucleotide precursors can be labeled with different tags and then 
aized together before being fractionated on a s ingle gel lane (Figure 5 - 3 )  
( Saith � &1 . •  1986) . Alternatively ,  the EMBL aethod uaea a s ingle 
fluorescent tag for all four nucleotide• and runs four gel lanes , which 
are aonitored s imultaneously with radioactive tags . In both cases , 
fragaenta are detected as they aigrate past the point of laser 
illumination at the bottoa of the gel , which eliainatea the need to 
ezpoae ,  develop , and interpret z-ray fila .  In each case , multiple 
sequences can be s imultaneously analyzed on a s ingle gel . The immediate 
goal of these proj ects is to develop a commerc ial instrument capable of 
sequenc ing 15 , 000 nucleotide• per day , start ing froa the appropriate 
reaction aizturea .  

A second approach is being developed in Japan , with ass istance fro• 
the governaent and an industrial consortium that includes the Hitachi , 
Fuj i ,  and Seiko corporations . This atteapt to improve DNA sequenc ing 
eaphaa izes robotics and automated process ing of saaples . The autoaated 
steps begin with aubcloned DNA fragaenta and carry thea through the 
sequencing reactions . One such prototype perforas aore than 30 steps in 
the coaplez set of reactions that are required in the cheaical sequenc ing 
strategy . Each step is controlled by a aicrocoaputer . The aaziaum daily 
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output of a s ingle instrument is a sequence of 5 , 000 nucleotidea . CUrrent 
work eaphaa izea the organization of the overall sequencing experiment into 
a production line . The goal of this approach is to establish an automated 
fac ility able to sequence 1 million nucleotide& per day at a coat of 
approziaately $0 . 20 per nucleotide (Vada , 198 7 ) . This coat does not 
include the substantial coat of preparing the DNA fragaents to be 
sequenced . The production- line approach would feature both automated and 
manual steps , with those operations most aaenable to mechanization 
automated . 

A third approach , called multiplex sequencing , depends less on 
automat ion and more on increas ing the amount of sequence data that can be 
obta ined from one set of chemical sequenc ing reactions fractionated on a 
s ingle sequenc ing gel . Each sample analyzed contains a mixture of 40 or 
more DNA samples , each of which has been marked with a unique short 
nucleotide sequence (an oligonucleotide sequence) . After the normal 
cheaical sequencing reactions have been completed , the unlabeled samples 
are fractionated on a standard sequencing gel and the separated DNA 
fragaents are transferred to a membrane while the spatial patterns of the 
fragaents formed during electrophores is are preserved . The sequenc ing 
ladder for each individual saaple can then be success ively visualized by a 
series of DNA-DNA hybridization assays , each us ing a different radioact ive 
ol igonucleot ide as a DNA probe that is specific for the reference end of 
one part icular aubclone in the mixture . In princ iple , if a dozen sets of 
40 mixed samples each are subj ected to this analys is on a s ingle gel and 
each can generate 250 nucleotide& of DNA sequence , then a sequence of 
120 , 000 nucleot ide& can be derived from one set of chemical sequenc ing 
reactions by us ing sequential hybridizat ion with the membrane produced by 
this method (G . Church , Harvard Univers ity , personal communicat ion , 1987) . 

All these methods utilize the chemistry or enzymology of current 
sequencing procedures .  An intriguing quest ion is whether fundamentally 
more powerful technologies are l ikely to arise in the foreseeable future . 
Little research is being directed toward this problem . The most obvious 
poss ibilities for future sequencing techniques would be the use of 
sens it ive phys ical methods such as mass or fluorescence spectroscopy , 
magnetic resonance detection , and electron microscopy . These might be 
used in combination with each other or with more convent ional biochemical 
fract ionation methods . The disparity between the capabil ities of the 
current technology and the magnitude of the work required to sequence the 
human genome suggests that fundamentally different technologies deserve 
serious exploration . 

OPTIONS AND IECOKMENDATIONS 

The committee cons idered three options regarding the init iat ion of 
human genome DNA sequenc ing . The first is to begin a large - scale 
init iat ive immediately in one or a few large centers devoted to DNA 
sequencing with current technology . This opt ion might be expected to 
include the establishment of an independent inst itute whose  goal would be 
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the mapping and sequencing of the genome as quickly as poss ible . The 
second option is to make a strong commitment to develop better DNA 
cloning , sequencing , and data analys is technologies by supporting smaller 
scale pilot proj ects (e . g . , sequencing l million nucleotidea in l year) , 
while allowing investigators to gain practical experience with larger 
scale sequencing . These improvements in current technology should be 
des igned to reduce the coat and increase the effic iency of sequencing 
techniques . The third option is to make no special effort to sequence the 
human genome , but to depend on the normal process of science to generate 
the sequence , knowing that the complete sequence would not be available 
within the next 20 years , if ever . 

Knowledge of the sequence of the human genome and the genomea of the 
necessary reference organisms will provide a cruc ial medical and bas ic 
research tool that will be used by the biological and biomedical research 
community long into the future . The committee concluded that without a 
special effort to achieve this goal , the des ired DNA sequences are not 
likely to be obtained in the time des ired or optimal for future medical 
and scientific advances , if ever . On the bas is of this argument , the 
committee rej ected option 3 .  In deciding between options 1 and 2 ,  the 
committee concluded that the high coat and slow rate of sequencing with 
current technology precluded the initiation of a large - scale sequencing 
effort at the present time . Therefore , the committee made the following 
recommendat ions . 

Tbe Pro1 ect Should Begin with Tyo Kinds of Studies 

Initially , improvements in existing technology and the development of 
new technology directed toward the long-range goal of a complete human 
genome sequence should be vigorously encouraged . This effort would 
include applications of automation and robotics at all steps in cloning 
and sequencing . It is particularly important to automate the steps of DNA 
cloning . In this context it is useful to think in terms of trying to 
achieve 5 - to 10- fold incremental improvements in the coat , effic iency , or 
human labor required for these tasks . Several such incremental 
improvements are needed to make the sequenc ing of many important genomes 
practicable . A reasonable baseline sequence from which to measure initial 
progress  is 150 , 000 nucleotidea , the s ize of the largest  human sequenc ing 
proj ect to date . 

These technological proj ects will assist in identifying the 
rate - l imit ing step in large - scale sequenc ing , which at present is believed 
to be the subcloning step- - the one step that has not been automated . 
However ,  further improvements in all stages of the procedure from 
subcloning to the interpretat ion of sequence data will be required .  

The awarding of competitive grants to individuals and to larger 
groups organized into cooperative , multidisciplinary centers is viewed by 
the committee as the most effect ive way to achieve these goals . 
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A second type of pilot study that should be initiated immediately 
would define as its goal sequencing approximately 1 million nucleotide& of 
cont inuous sequence (approximately 5 to 10 times what has been achieved to 
date) . Such proj ects will be important in providing an opportunity for 
the direct implementation and testing of improvements in exist ing 
technology as they arise and the provis ion of a pract ical impetus for the 
development of new technology . They will also reveal where problems in 
analys is are l ikely to arise . For example , will repet it ive sequences 
complicate the assembly of a unique , contiguous sequence? Are some 
sequences unclonable? Will new genes be identified correctly? 

As in the past , human gene sequenc ing by individual research groups 
interested in specific genes should be strongly supported by standard 
research grants .  This directed sequencing will provide valuable 
information about genes that have been identified as important in biology 
and medicine and should also lead to advances in sequencing technology . 
However , as the phys ical map develops and as the cost and efficiency of 
DNA sequenc ing improve , ever- larger sequencing efforts taken on by groups 
interested primarily in the sequence of the genome as a goal in and of 
itself will evolve . 

To Derive the lull Benef it of the Hum•n Genome Sequence Will Require Many 
New Tools . Including a Comprehensive Database of DNA Sequences from Other 
Oraapisms 

Comparative sequence analys is has proven a powerful technique for 
distinguishing those elements of a gene sequence that are highly 
constrained functionally from those that are not . Such analys is can 
provide ins ights into conserved regulatory and structural sequences . The 
availability of extens ive sequence data from other organisms will also 
mazimize the likelihood that the counterparts of important human genes 
will be ident ified in other organisms where their funct ions will generally 
be eas ier to study . The corollary will also hold : Genes that have been 
ident ified as important to other organisms will be found rapidly in the 
human DNA sequence .  Therefore , a proj ect of this type must not be 
restricted to determining the human genome sequence , but should include 
genome sequence determination of selected other spec ies as well . 

DNA Sequence Determinations Require Qual ity Control 

A mechanism of qual ity control must be developed to monitor the 
groups that are contributing extens ive sequence DNA informat ion . One 
might cons ider an external group that functions as the Bureau of Standards 
does  to provide independent qual ity control . Quality control is 
crit ically important to the init iative , and it poses unique technical 
challenges .  The optimum methods of checking DNA sequences are l ikely to 
differ from the optimum methods of collect ing data ; indeed , the 
sequence - checking method should ideally be experimentally independent of 
the sequencing method . For example , the presence of the many restrict ion 
enzyme cleavage s ites predicted from the DNA sequence could be tested by 
cleavage of the DNA followed by gel electrophoresis . 
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To succeed , this proj ect will require careful overs ight and 
coordinat ion among the groups involved in mapping , sequencing , collecting 
and analyz ing data , and distributing samples . 
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CHAPTER 6 

THE COLLECTION , ANALYSIS , AND DISTRIBUTION OF INFORMATION AND MATERIALS 

The mapping and sequencing effort will generate more data than any 
other s ingle proj ect in the history of biology . For example , just to record 
the 3 billion nucleotides that make up the haploid human genome will require 
about 1 million pages of printed text . Variat ion between the two 
chromosomes of each individual (heterozygos ity) and among the many human 
be ings (polymorphism) further increase the body of informat ion to be stored , 
collated , and analyzed . In the concept ion and planning of any human genome 
proj ect , close attention must be paid to how the data and experimental 
material are collected and distributed . 

The full set of information to be gained from mapping and sequencing 
the human genome is of potent ially greater usefulnes s  than its component 
part s . For example , although in princ iple one can use computer searches to 
pick out coding sequences that are parts of genes , finding the true 
beginning and end of a gene and all of its coding and noncoding components 
may require reference to other data , such as the s imilar nucleotide sequence 
from a related , but evolutionarily separated , species  such as the mouse .  To 
extract the maximum informat ion from the human sequence , it will also be 
necessary to search for amino acid homologies with the ent ire set of all 
known prote ins , regardless  of their origin . In addition , extens ive searches 
for regions of s imilarity of short nucleot ide sequences between human genes 
and the ir mouse counterparts will be necessary to detect regulatory DNA 
sequences and other conserved sequences for which funct ions can then be 
sought . Finally , the correlation of sequence data with the large amounts of 
information derived from human genetic linkage and disease studies is needed 
to derive the molecular bas is for human phenotypes .  As more DNA sequence 
informat ion is obtained , our sophist ication in interpretat ion should 
increase to the point at which a computer search will reveal a fasc inat ing 
wealth of correlative data concerning almost any new DNA sequence obtained .  

The human genome proj ect will differ from tradit ional biological 
research in its greater requirement for sharing materials among 
laboratories . For example , many laboratories will contribute DNA clones to 
an ordered DNA clone collect ion . These clones must be centrally indexed .  
Free access  to the collected clones will be necessary for other laborator ies 
engaged in mapping efforts and will help to prevent a needless  duplicat ion 
of effort . Such clones will also provide a source of DNA to be sequenced as 
well  as many DNA probes for researchers seeking human disease genes . Two 
different types of centralized facil ities will be needed : centers to 
collect and distribute materials such as DNA clones  and human cell l ines and 
centers to collect and distribute mapping and sequenc ing data . 

The magnitude of the required data storage and distribution effort can 
be understood by comparing the existing content of fac ilities that collect 
and store mapping and sequence data with the ant ic ipated capac ity required 
if the human and other complex genomes are sequenced . For example , the DNA 
data bank maintained by GenBank and the European Molecular Biology 
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Laboratory (EKBL) contains 15 million nucleot ide• of sequence data from the 
entire biological world- -viruses , procaryote& , plants , and animals - -and 
includes about 2 million nucleotide• of human sequence . The human genome , 
containing 3 billion nucleotide pairs , is 200 times as large as the sum of 
these DNA sequences collected from all organisms . Moreover , only a few 
hundred restriction fragment length polymorphism• (RFLPs ) have been mapped 
on the human genome , whereas the target of the genome proj ect is several 
thousand mapped RFLPs - -an increase of more than an order of magnitude . The 
efficient cataloging , management , and distribution of mapping and sequencing 
data at levels from one to two orders of magnitude greater than today ' s  must 
be achieved in pace with data acquis it ion and are essential for the success 
of the proj ect . Fortunately ,  several prototypic operations are already in 
place . These include GenBankfEHBL , Mendelian Inheritance in Han , Human Gene 
Happing Library , and Centre d ' Etude du Polymorphism& Humain , each of which 
is briefly reviewed below to provide a background for discus s ion of the much 
larger efforts that will be needed in the future . There are also 
repos itories of cell lines and cultures ,  such as the American Type Culture 
Collection and the Cell Bank in Camden , New Jersey , that have had extens ive 
experience in handling of such materials . Although these operations are not 
reviewed here , they should be cons idered in the development of any 
materials -handl ing center . 

PRISENT INlOBMATION-HANPLING QRGAftiZAtiQNS 

GenBank/EMBL 

The GenBank/EHBL data bank stores and distributes DNA sequence 
informat ion . GenBank in the United States and the EKBL data bank in the 
Federal Republic of Germany share the task of recording , annotating , and 
distributing all the DNA sequence data published , regardless  of the species 
of origin . Each bank is respons ible for monitoring approximately half of 
the relevant published literature , and once they have entered and annotated 
the files , they exchange information so that each has a complete holding . 
The current holdings are about 15 million nucleotide& , and the rate of 
acquis ition is currently 7 million nucleotide• per year and increas ing 
rapidly (H . Bilofsky , personal communication , 198 7 ) . Both banks are finding 
it more and more difficult to keep up to date . The backlogs in the entry of 
published sequence data , a source of frustrat ion within the user community , 
have two ma in causes . 

First , nonelectronic data entry (entry from printed DNA sequences )  
st ill accounts for more than half o f  a l l  data entered as a result o f  policy 
and organizat ion , not technology . Authors have yet to be educated about the 
need to send data either electronically or in magnetic form to the data 
bases , in part because coordination between sc ient ific j ournals and the data 
bases has , unt il very recently , been nonexistent . The reentry of data from 
a printed copy of a sequence into a data base is a s low ,  error-prone 
process , but in the absence of pressure from journals to authors to provide 
all sequence data in magnetic form , it has been absolutely necessary . 

Second , GenBank/EHBL have not had sufficient support to keep abreast of 
the gene sequence data being generated by present biomedical research . 
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However , the lessons that have been learned from their experience should be 
invaluable in setting up and managing a new facility dedicated to the 
collection of DNA sequence data , which will be an essential component of the 
human genome proj ect . 

Mendelian Inheritance in Han 

The Mendelian Inheritance in Man (HIM) proj ect stores and class ifies 
informat ion about human disease phenotypes .  HIM is an encyclopedia of 
geneloc i based on human phenotypes , most of them disease phenotypes .  It has 
been maintained at The Johns Hopkins Univers ity by Victor McKus ick s ince the 
early 1960s and has been computerized s ince 1964 . Seven hard- copy edit ions , 
all generated from the computer , have appeared between 1966 and 1986 , and 
the number of entries has grown during this time from 1 , 500 to more than 
4 , 100 . 

An attempt is made to ass ign only one entry per genet ic locus ; i . e . , 
various phenotypes produced by alleles at one and the same locus ( e . g . , the 
beta - globin locus) are allowed only one entry . Inevitably , however , more 
than one entry has been ass igned to many allelic disorders because of the 
incomplete status of our knowledge : in other cases a disorder ass igned one 
entry subsequently proved to be produced by any one of two or more loci . 
Entries have also been created in the catalog for loci for which no 
Mendelian variat ion has yet been ident ified . Most of these are structural 
genes that have been characterized and mapped by a combination of somatic 
cell and molecular genet ic methods . 

Collaborat ive research in the management of this knowledge base  at the 
Lister Hill Nat ional Center for Biomedical Communications of the Nat ional 
Library of Medic ine has produced OMIM- - an on- l ine vers ion of HIM that is 
being tested in the clinic and laboratory . OMIM is des igned to permit free 
movement between the text of HIM , gene map informat ion , and a molecular 
defects list . 

Human Gene Mapping Library 

The Human Gene Mapping Library (HGML) at Yale Univers ity pos it ions 
genes and DNA landmarks on chromosomes (publ icat ion of Howard Hughes Medical 
Inst itute , 198 6 ) . The HGML cons ists of a number of separate but 
interrelated data bases . One of them , the "Map" data base , keeps track of 
the chromosomal pos it ions of all mapped genes (currently more than 1 , 200) . 
This is a dynamic data base : New genes are being entered at an accelerating 
rate , refinements of previous ass ignments are cont inually made , and the 
relat ions between gene map pos itions frequently change . The management of 
this data base requires constant attent ion to data input , editorial checking 
on the val idity of the data , and data distribut ion . The data are maintained 
with an advanced data -base management system that is operated by a 
high- speed , large -volume computer . User- friendly menus have been prepared 
to fac ilitate access to the data by the inexperienced . 

Other data bases within HGML include "Lit , "  which contains a l ist of 
all pert inent l iterature citat ions ; "RFLP , "  which contains data on RFLPs ; 
"Probe , "  which contains data on DNA probes used for mapping ; and "Source , "  
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Which contains information reaarding the laboratories froa which certain DRA 
probes or cell lines may be obtained . 

The BGHL data base , together with the sc ientific community it serves , 
also strives to maintain a uniform and orderly noaenclature for all mapped 
genes . It will be important to extend this noaenclature (or another that is 
agreeable to the scientific community) to other species , such as the 
laboratory mouse , so that direct comparisons between hoaologoua genes in 
different species can be made readily . The BGHL also ass ians access ion 
numbers to all DRA probes that might be uaeful as genetic markers . Upon 
request , researchers active in this field are given unique DRA probe 
identification numbers (D  numbers ) , so that these probes can be described 
unambiauously . More than 2 , 000 probes have been numbered , and rapid growth 
to more than 100 , 000 is expected in the years ahead . An extens ion of this 
type of system could serve as a logical means of keepina track of the 
overlapping DNA clones produced by a human genome proj ect . 

Centre d ' Etuc!e du Poluorphisme Bnm• in 

The Centre d ' Etude du Polymorphism• Buma in (CEPH) coordinates an 
international RFLP mapping effort us ing data from standard families 
(Daus set , 1986 ; Harz , 1985) . CEPB , created by Jean Daus set in Paris , 
differs from HIM and BGHL in being a collaborat ive research effort that both 
generates and stores human mapping data . As discussed in Chapter 4 ,  CEPH 
maintains lymphoblastic cell l ines and sends samples of DRA froa these cells 
to collaborators in Europe and North America . In return , the recipients 
agree to test the ir RPLP probes on all the so- called " informative" families 
for each probe ( the families in Which two alleles of the part icular RPLP are 
present) . Collaborating members of CEPB are required to submit to Paris all 
of their RPLP probe mapping data in a prescribed , uniform format . CEPB then 
maintains a common data base to which members of the proj ect have rapid 
access ,  which thereby allows members to place their own RPLP probes on a 
common linkage map . Through this collaborative proj ect , the work of several 
laboratories on different continents is coordinated toward a common goal , 
which can be achieved much more rapidly than it could be in any one 
laboratory alone . 

MAPPING DATA BASES UOUIUD lOR A 1ttJJW9 GENOJIE PllOJECT 

Tbe Collaborative Facilities Needed To Generate an llLP Map lqst Be lxpapded 

One of the early goals foreseen for the human genome proj ect is an RPLP 
map in which the average separation of markers is 1 eM . CEPH provides an 
example of how international collaboration ,  involving both the exchanae of 
materials (DNA samples)  and data (each group ' s probe -mapping result s ) , can 
be organized for the production of an IFLP map held in common . However , to 
achieve a 1 - cM IFLP map in a t tmely fashion ( 5  to 10 years ) , either CEPH 
must be expanded substant ially or a new organizat ion must be created and 
modeled along its line s , with the following obj ectives : 
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• A s ignificant increase in the number and divers ity of origin of 
families 

• Ident ification of several thousand new RFLP probes and their use to 
screen the set of DNAa obtained from these famil ies (requiring 
e ither more laboratories or the enlargement of ezist ing ones )  

• A maj or increase in DNA production fac ilities because of the 
increased number of families involved and RFLP probes to be used 
with these DNAa . 

At present , CEPH maintains stable lymphoblastoid cell lines derived 
from each of ita 600 participants .  It grows batches of the cella , eztracts 
the DNA , and distributes them . More than one center may have to be 
established to grow the cella and to produce and distribute DNA . 

At present , the laboratories collaborating with CEPH do not have to 
make available to the proj ect their RFLP probe DNAs ; they need only provide 
the data obtained with them . This helps to make the CEPH collaborat ion 
successful by avoiding constra ints that might otherwise restra in 
partic ipation . In the future , however , rules concerning the general 
ava ilability of RFLP probes will have to be decided within the contezt of a 
human genome proj ect . If RFLP mapping is done under contract by commerc ial 
enterprises , some of which already have cons iderable experience in the 
f ield , the contract should stipulate that there be open access to all the 
probes that · are developed . 

All Uuman MaP Data Should Be Acces s ible from a Single Data Base 

In the maj or mapping data base assoc iated with the human genome 
proj ect , it will be necessary to keep track of the map pos it ions , literature 
references , and material distribution sources for all ident if ied landmarks 
in the human genome , including the DNA clones in the ordered clone 
collect ion . This can beat be accomplished by having a s ingle central ized 
data base that is eas ily access ible to the ent ire sc ient ific community . A 
large data fac ility will be needed to manage this information . Initially , 
this fac ility would be respons ible for integrat ing all RFLP mapping and DNA 
clone data , which would include all the informat ion nov in all the KIM and 
HGML data bases . Once a human genome proj ect begins generat ing large 
amounts of data , the annual management costs of mapping data bases are 
likely to rise from the total of $800 , 000 currently spent by KIM and HGML to 
perhaps $5 mill ion . Whether the mapping data bases  that are unified by a 
s ingle management organization should also be housed under one roof is an 
open que s t ion .  During the first stages of the proj ect , and as long as KIM 
and HGML are e lectronically linked , it may be more pract ical to leave them 
in different inst itut ions . 

A Katerial Collect ion and Distribution Facil ity Containing Ordered Sets of 
Cloned DNA Fragments Will Be an Important First Stage in Any Sequenc ing 
Pro 1 ect 

The representat ion of the phys ical map in a DNA clone collect ion is 
immediately useful in that DNA segments of unknown origin can be located on 
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them either by hybridization or by fingerprinting aethoda . Ultimately , the 
beat physical map ia the complete aet of all such materials along with the 
information data baaea described above . A separate dedicated facility will 
be required if these materials are to be made readily access ible to the 
entire user community . 

Maintaining a facility that collects , organizes , and distributes all 
the available DNA clones generated by mapping efforts will be a maj or task . 
Further study will be needed to determine ezactly how this facility should 
operate . At one extreme , one could imagine that such a fac ility would 
merely store DNA clones rece ived from all participating laboratories (as 
DNA , aa bacterial viruses , as yeast cella carrying artific ial chroaoaomes) , 
index them according to some reasonable plan , and then redistribute them for 
a standard fee in response to spec ific requests from scientists . Because of 
the very large number of clones expected in the collection (at least several 
hundred thousand versus the 42 , 000 items now at the American Type Culture 
Collect ion) , this aspect of the task will require major organizat ional 
efforts l ike those of a large mail -order company . In addit ion , stocks will 
also have to be replenished at intervals to keep the collection adequately 
supplied with materials . Because of poss ible clone instabilities , both 
these regrown stocks and each new stock received will require checking (by 
restriction enzyme fingerprint ing or some other high-resolut ion aethod) as a 
standard quality- control procedure . 

An addit ional poss ible routine role for the central fac ility includes 
convert ing large human DNA fragments poss ibly cloned as artific ial 
chromosomes into more readily access ible bacterial virus or coamid DNA clone 
collect ions . The fac il ity could also take all the DNA clones that have been 
mapped elsewhere by a variety of different procedures and fingerprint them 
by a s ingle aethod to provide a standard indexing procedure . One can also 
envis ion a central facility that would actually help with the mapping 
effort ; this type of fac ility could establish a s ingle standard protocol for 
characteriz ing each DNA clone (for example ,  a standard restriction enzyme 
fingerprinting method) and would collect and analyze the data provided by 
each of the participating laboratories to search for new overlaps . At 
present , mapping methods are in a state of flux , and many competing 
approaches are being tried in different laboratories . Any mapping role for 
a central facility should therefore be delayed unt il a reasonable consensus 
can be reached on the best way to proceed . 

The coat of construct ing and operating a storage and distribution 
facil ity will be high . Est imates of aa much aa $250 million over 30 years 
have been made once the full range of clones has been generated (Stevenson ,  
1987) . 

A DNA SEOUENCE DATA BANK DEDICATED TO A HUMAN GENQMI PROJECT 

A Concerted Initiative Atmed at Determining tbe Sequence of the Bnmen Genome 
Will Generate L&rae Amounts of DNA Sequence Data 

Not only will there eventually be many bill ion nucleot ide• of human DNA 
sequences , but also there will be large tracts of sequence from the mouse 
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genome that can be used for comparisons between the two species . In early 
stages of the sequencing portion of the proj ect , it is l ikely that the 
genomea of experimental aodel organisms such as I ·  WJ, ,  yeast , the 
nematode , and Qrosophila will be completely sequenced . If the proj ect is to 
succeed , all data on large amounts of contiguous DNA sequence should be 
collected and distributed by a dedicated DNA sequence bank . 

Fortunately , the amount of data associated with a human genome proj ect 
is well  within present disk storage and computer hardware capacity . Many 
government agencies - -as well as the bus iness world- -are storing and handling 
significantly larger volumes of data . The difficulties  will be encountered 
in the entry and class ification of the data and even more so in their 
analys is and distribut ion to the internat ional scientific c01111DU1lity . An 
tmportant goal of the entire endeavor should be to make available the 
information in a form that will benefit a very large port ion of the 
biomedical and bas ic research community as quickly as poss ible . 

All Data Hgst Be Entered Electronically or Kagnet ically 

From the outset , all sequence data must be entered into the DNA 
sequence bank by electronic or magnetic means . Moreover , the human genome 
proj ect can c ircumvent many of the problema experienced by GenBank/IHBL by 
establishing a standard features format tmplemented at the point of data 
collection with the intent ion of expedit ing data entry . For example , all 
submitted data blocks could be packaged with references by the sender to 
data source , DNA clone number ,  chromosome region , and other factors . S ince 
most data will probably be sent from fever than two dozen research 
laboratories , the chances of entering spurious data from inexperienced 
invest igators will  be low . Nonetheless , there must be standards that set a 
minimum length of contiguous sequence suitable for submiss ion and ensure 
qual ity control with regard to the frequency of errors in the accepted 
sequence .  

An Initial ADalys is Sbould Be Performed by a Central Fac il ity 

Not unexpectedly , many different points of view eziat about how , where , 
and when the large amounts of data in the genome sequence ought to be 
processed . New computers are constantly appearing , and new strategies  for 
us ing them are always evolving . The most important analyses will no doubt 
be done by people interested in spec ific types of proteins , regulatory 
sequences ,  evolut ionary processes , and so forth . However , some analys is 
should also be performed at the central fac il ity to help in class ifying the 
data for future research . Ezactly how the data are to be analyzed will be 
tied to the number of centers or laboratories collect ing the data , the 
kinds of staffing provided at a central facility , and the scope of the 
tmmediate data dispersal , i . e . , whether it is nat ional or internat ional . 

An Ezample of an Initial Sequence Analys is 

The strategy of data analys is will have to evolve as data accumulate , 
but the primary quest ion will always be whether a part icular sequence is an 
important island of informat ion or just part of a surround ing ocean of 
chaos . Accordingly , the incoming data might be screened for repeated 
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sequences . Even the moat intereattng parts of the human genome - - the 50 , 000 
to 100 , 000 genes - -are going to be redundant , inasmuch as there will be many 
large families of closely related genes . The central nervoua ayatea ,  for 
example , which may account for 40 percent of all gene s , is at.oat certainly 
going to include many such families . Some type of screening can help 
catalog the incoming data from the start and determine where and how the 
data should be stored . 

To encourage the ttmely subaia s ion of data , all data aubaitted by the 
sequencing centers should be rapidly returned to them in a processed form 
for inspection and verification ; each center should also be kept aware of 
progress  at the others . 

Establishing an Efficient Computer Retyork 

Many poss ible computer arrangements would suffice for the j obs 
described . It seems reasonable , however , to begin the operation on a modest 
level , with the intention of scaling up over several years . For ezample , 
the operation could eas ily be initiated with local computers that are 
connected with the National Supercomputer Network . In this model , the data 
collected at a sequencing center would be fed into a local computer , checked 
and entered into a features table , and then transmitted over the 
Supercomputer Network (which is especially good for high- speed transmis s ion 
of large amounts of data) to the central DNA sequence bank . There , an 
analyt ical fac ility , which would probably use parallel computers at some 
future date , could handle the early stages of data analys is . The screened 
data would then be transmitted back to the various collection centers for 
verificat ion . Once verified , the data would become available to the 
scientific community , moving through the Supercomputer Network to various 
local distribut ion points .  

Tbe Need for Jesearch on Data Analys is 

We are only at the beginntng of learning how to use computers to 
interpret DNA sequence information .  New ways of searching DNA sequences 
will need to be des igned as we learn more about such subj ects as the binding 
s ites for gene regulatory proteins , the rules that regulate DNA splicing , 
RNA secondary structure , and the effects of spec ific amino ac id replacements 
on protein folding . In the future , we can expect to learn a great deal more 
about genes from the ir sequences than is pos s ible today . A human genome 
proj ect should therefore encourage the activities of those who combine 
skills in computer programming and biology ; these individuals will be needed 
to generate the DNA sequence search routines of greatest utility to the 
biological community . 

Tbe Estimated Cost 

Although it is difficult to predict the cost exactly , approximately $ 5  
million per year might b e  s e t  as ide for the sequence information facility . 
The largest part of the coats related to information handling will 
undoubtedly be devoted to profess ional staffing . Beyond that , funds will 
also have to be made available to develop software and to provide education 
and training to ensure further innovations in computer use in biology . 
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It is  essential to keep the conventional data bases , includtna 
GenBank/EMBL, fully operational for the nezt several years , in particular to 
ensure comprehensive collection of sequence data from nonhuman sources . 
However , the time will come when sequence data fraa all sources will have to 
be melded into a s tnale large , efficient fac ility . 

CORCLusiQRS 

More than any other part of the human genome initiative , the handl ing 
of informat ion and material will require organization and standardization . 
A s ingle unified policy must prevail if the informat ion is to be accurately 
acquired ,  stored , analyzed , and distributed . There must be a central 
fac ility for tracking and distributing the ezperimental materials , and there 
must be a dedicated computer center for storing , checking , acreentna . and 
searching the sequence and mapping data . The establishment of these 
facilities will be critical and will require careful advance planning . The 
committee recommends a competition in which all interested groups submit 
detailed applications or pilot program trials .  
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Chapter 7 

IHPLEHERTATIO'R A'RD HA'RAGEKE'RT STRATEGIES 

Earlier chapters have outl ined the sc ientific strategies that seem most 
reasonable for genome mapping and sequencing studies and have argued in 
favor of an intensive effort to characterize the human genome in detail . In 
those chapters the committee has discussed the technological advances 
required for completion of the different human genome maps des ired : a 
genet ic map with RFLP markers spaced at about 1 - cH intervals , a physical map 
of expres sed genes (eDNA map) , an ordered DNA clone collection that covers 
the ent ire genome , and phys ical maps of increasing resolution culminating in 
the DNA sequence . However , such a large endeavor requires a degree of 
organization and coordination that has no precedent in the biological 
sciences .  The committee has argued specifically against establishing at 
this t ime one or a few very large production centers to carry out this 
proj ect . Yet a concerted approach to proj ect management will be required ,  
and many of the benefits of a s ingular effort will be lost if results and 
materials are not quickly and efficiently shared .  

The committee ' s  recommendations immediately raise a number of obvious 
quest ions , such as How should such an effort be funded so that its quality 
and succe s s  are ensured? How can the efforts of the different laboratories 
best be coordinated? How can the scientific community guarantee ready 
acces s ibility to all the information and materials to be generated? This 
chapter deals chiefly with the committee ' s  attempts to answer these three 
important questions . 

FUNDING A HlJMAN GENOMI PROJECT 

PrOjects with tbe Potent ial to Hake Substantial Technoloaical Improyements 
tn Genqme Analys is Should Receive Top Priority 

Happing and sequenc ing the human genome poses a severe technological 
challenge to our present abilities . A complete restriction map has recently 
been produced for the genome of the bacterium Escherichia 2211 . Which is 
only 1/640 the s ize of the human genome (Smith � Al . , 1987 ) . In addit ion , 
the human genome is 20 , 000 times as long as the longest cont inuous stretch 
of DNA sequence of 150 , 000 nucleotide& thus far produced in a single 
laboratory proj ect . Interpreting the large amounts of information produced 
by large - scale DNA sequencing will be an even more formidable task . Thus , 
the human genome proj ect is more ambit ious by orders of magnitude than any 
comparable proj ect completed thus far . Technological advances are needed

.
in 

many different areas , and the most efficient technology to obtain the 
des ired knowledge requires further research . 

In view of the current s ituat ion , the committee recommends the 
establishment of a compet itive grant program specifically focused on 
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improving in 5 - to 10- fold increments the scale or efficiency of mapping 
and sequencing the human genoae . These grants would be des igned to 
support work that is more technologically oriented than most ongoing 
biological research . For ezample , a proj ect that aims at sequencing a 
fragment containing a contiguous segment of a million nucleotide• or more 
might qualify for support ,  as might a proj ect aimed at developing and 

· 

test ing an entirely nev approach to DNA cloning or sequencing . In 
contrast ,  a proj ect that aims to use standard approaches to isolate and 
characterize a s ingle interesting human gene of 10 , 000 nucleotide• would 
be more appropriately funded elsewhere . 

Both Sm&ll Besearch L&boratories and L&rger Multidisciplinary Centers 
Sbould Be Encqpraged 

Nearly all the maj or methodological breakthroughs that have driven 
the modern revolution in biology have come from the efforts of small 
research laboratories , frequently those led by young investigators in the 
early stages of their careers . This trend will no doubt continue , and 
small groups that are already act ive in developing or improving relevant 
technologies should be supported by this proj ect , irrespective of the 
particular genome that they are characteriz ing . 

There is also much to be said for the establishment of 
mult idisciplinary centers , in which 3 to 10 research groups in a single 
facility , each with a different but related focus , share equipment and 
personnel and collaborate to accomplish a larger goal than any s ingle 
group could readily achieve . For the most part , these should be located 
at univers ities or research inst itutes that can help provide the proj ects 
with a constant influz of nev people and ideas . Efficient mapping 
requires the coordination of a large number of different ezperimental and 
computer techniques . It also demands flexibility in developing and 
incorporat ing nev technologies . The methods will probably evolve very 
rapidly , and the strongest and most effic ient mapping efforts will provide 
their first crit ical tests . For these reasons , a substant ial port ion of 
the human genome mapping effort should probably be organized into 
medium- s ized research centers , each with ongoing activit ies in both 
development of techniques and actual mapping and each with a reasonable 
fract ion of the various technologies in place or under development . Such 
centers can set the stage for subsequent large - scale DNA sequencing 
proj ects . The sequencing effort will benefit from close contact with 
mapping efforts , some of which provide the samples to sequence , while 
others provide the framework to organize the sequence data generated and 
to assist in its interpretation . 

Tbe Establisbment of a Sipgle L&rge Product ion Center Is Not Advisable at 
Present 

The committee believes that it would not be vise to confine an 
act ivity such as mapping or sequencing to a s ingle , large center at 
present . The task needs to be organized and coordinated , but it does not 
need to take place in a s ingle location or laboratory . Unl ike many 
phys ics proj ects of this magnitude , this large - scale biology proj ect can 
be subdivided along several different lines . For example , an individual 
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chromosome could be mapped by one laboratory , but even this is not 
necessary s ince available methods permit one to work efficiently with just 
a section of a chromosome . Similarly , while restriction ,  genetic , and 
DNA-clone - collection mapping must be conducted in parallel , they do not 
necessarily need to be done by the same investigators , inasmuch as 
materials generated by one method can readily be transferred for use in 
other laboratories . 

There are strong technical and intellectual advantages to dispersing 
much of the mapping efforts among medium- s ized , multidisciplinary centers 
(each with perhaps 30 to 100 persona ) . If adequately funded ,  these units 
would be large enough to accommodate biologists , chemists , physicists , and 
engineers with diverse skills and backgrounds ,  thereby achieving the 
critical mass necessary for an effective approach . At the same time , 
available resources should make it poss ible to establish several centers 
with the same goals , each competing with other centers to advance the 
technology . Such competition is healthy and productive , and it permits 
subsequent judgments to be made on relative quality , allowing additional 
resources to be directed to the most successful units . Finally , the 
dispersal of these technology centers into existing univers ities and 
research inst itutes will allow members of the center to work closely with 
a large number of other sc ientists . This interface should be of great 
value to both groups , and it will ensure that the human genome effort will 
have the strong support it needs from the scientific community at large . 

Decis ions for Fundina Should Be Made by Peer lleviey 

The committee envis ions that funding would initially be offered in 
the form of grants awarded for 3 - to 7 -year periods . It is imperative 
that these grants be awarded solely on the bas is of sc ientific merit , as 
judged by panels of peer reviewers selected for their judgment and 
sc ientific ezpertise . The committee specifically recommends the form of 
review that has been routine for many years at the National Institutes of 
Health (NIH) , in which the reviewers meet to discuss and debate the merits 
and faults of each grant appl ication . Each applicat ion is then ranked 
relat ive to the others by the ass ignment of a priority score , which is 
forwarded to the individual NIH institute that distributes the research 
funds . Generally , grants are awarded in the order of their priority 
scores , until the allotment of funds for that cycle is eXhausted . 

As technologies mature , product ion units , such as contract 
organizations or dedicated centers will be required in the human genome 
proj ect . For example , RFLP mapping is already a relatively mature 
technology . An RFLP map at higher resolution can be attained mainly by 
applying current methods on a larger scale . Such endeavors are 
appropriately supported by contracts rather than by grants .  The central 
fac ilit ies that collect and distribute information and materials should 
also be supported by contract .  Such efforts should also be subj ect to 
continuing peer review , both for technical competence and to ensure 
cont inuing coordinat ion with the overall effort to map and sequence ·the 
human genome . 
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If a human aenome proj ect is funded by several separate U . S .  
aovernment aaencies as well as by private funds , an effective revievin& 
body will be needed to avoid ezcess ive duplication of effort and to 
oversee cooperation between research aroups . The committee recommends 
that the same body also ensure a uniform standard of peer review . 

Tbe Htpg•n Genome Pro 1 ect lequires ley and Distinctive lundin& of About 
S200 Million per Year 

To create the multidisciplinary centers suaaested , new laboratories 
will need to be built , equipped ,  and staffed . Univers ities cannot be 
ezpected to provide the necessary resources without a major new source of 
fundina from outs ide . The estimated cost of an effective proj ect to map 
and sequence the human aenome is $200 million per year . (This level of 
fundin& would be reached only durin& the third year of the proj ect , with 
the first 2 years havina lover levels of fundina to allow a scale -up to an 
e ffective proj ect . )  

The money miaht be spent rouahly as follows . In the first 5 years of 
the proj ect there miaht be about 10 medium- sized , mult idisc iplinary aroups 
and many smaller research aroups vorkina , with perhaps half of the 
proj ected total of 1 , 200 individuals in the multidisciplinary aroups . 
Each profess ional researcher costs about $100 , 000 annually in pay and 
support ( the standard number used in the biotechnoloay industry) ; thus 
this cost will be an estimated $ 120 million annually . Construct ion and 
equipment will cost about $55  million per year , the stock center , the data 
manaaement center , the quality control effort , and the Sc ientific Advisory 
Board ( see below) will cost approzimately an additional $25  million per 
year . 

As the proj ect proceeds , annual construction costs will decrease ,  but 
the number of individuals partic ipatina in the effort may increase to 
about 1 , 500 . 

The committee ' s  pos s ible scenario for the proj ect divides the effort 
into three 5 - year periods ( I , II , and III) . Durin& each period , mappina 
and sequencin& efforts five times as complez as the nest lover numerical 
des ianat ion would be undertaken at constant cost , reflect ina five - fold 
increments in technoloaical sophisticat ion . Several points should be 
stressed . 

• Attainina two successive fivefold increases in the technoloay for 
mappina and sequencina is an ambit ious undertakina : if it is to 
succeed , a maj or effort must be expended in developina the 
required technoloay . 

• The cost for sequencina includes preparation of the DNA samples . 
lev methods of DNA subclonina and proces s ina will have to be 
developed (or present ones automated) to stay within the estimated 
costs . 

• DNA clones from an ordered DNA clone collect ion will be sequenced , 
thereby produc ina larae , cont iguous stretches of DNA sequence that 
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are immediately uaeful ; isolattna the last 10 to 15 percent of 
these clones to fill tn aaps in the map may be as ezpensive as 
isolatin& the clones that cover the initial 85 to 90 percent of 
the aenome . 

• An ambitious effort of this type will require the recruitment of 
scientists with extensive experience in mappin& and sequencina • 

The multidisciplinary centers supported by the proj ect will 
presumably play a key role in trainina new independent scientists 
who can participate . The committee believes that the trainina of 
youna scientists in the development of technoloay as well as its 
applications is one of the major benefits to the bioloaical 
community . 

A maj or obj ective of the human aenome proj ect would be to achieve a 
combined annual sequencina capacity of 1 billion nucleotide• in a 
modest number of centers by the year 2000 . Once this ambitious aoal is 
reached , it would be realistic to complete the human sequencina , and 
powerful comparative studies on human polymorphism• and evolution would 
become poss ible . 

Pundin& of the human aenome proj ect must not be at the expense of 
currently funded bioloaical research . The essential purpose of the human 
aenoae proj ect is to provide a resource to be used by bioaedical 
sc ientists to accelerate the understandina of human bioloay and the 
application of this knovledae to human health . It would therefore defeat 
the purpose of the proj ect if biomedical research and trainina vera 
weakened by divertina funds from individual research proarams or trainina 
arants .  Maj or advance s  beina made in other areas of bioloay are expected 
to form the scaffoldina required for interpretina and utiliz in& 
informat ion resultina from this proj ect . 

. HtPPinl Efforts Should Be Accelerated and Coordinated 

Host bioloaists feel that mappina the human aenome is a valuable and 
attainable obj ective . At the present rate this aoal will not be reached 
for many years . The committee stronaly believes that this effort should 
be accelerated . Funds should be invested in proj ects that increase our 
technoloaical skills , but larae - scale mappina should beain even with 
present - day techniques . It should be poss ible to complete an RFLP map 
within 5 years with the investment of more money and the encouraaement of 
coordinated efforts . Several phys ical maps can also be completed in a 
s imilar lenath of time . 

Tbe Sequencina Effort Should Evolve and Grow with Time 

Host of the human aenome will probably become available in the 
ordered DNA clone collection as a result of the combined efforts of 
several multidisciplinary centers . If the envis ioned support is 
forthcomina ,  the ordered DNA clone collection could be completed within 10 
years . In princ iple , sequenc in& maj or blocks of the human aenome could 
beain as soon as any cont iauous area of a chromosome has been accumulated 
in the ordered DNA clone collection . Decis ions for a maj or push on bulk 
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s equence data collection , aa distinct from the envis ioned pilot proj ects 
that push technology development , would depend on how fast the new 
s equencing technologies develop . 

Several relatively small genomea should be sequenced early in the 
proj ect . Such genome• include that of yeast ( 0 . 5  percent of the s ize of 
the human genome ) , the nematode Caenorhabdit is eleaans ( 2  percent of the 
human) , and the fruit fly Drosophila melanogaster (3 percent of the 
human) . It ia important to give these proj ects high priority , s ince they 
are from widely studied experimental organisms , which , along with the 
mouse ,  provide the moat important of the many model systems that will be 
required for interpreting all the sequence data that will be collected on 
humans . 

Int ernat ional Collaborat ion on the Pro 1 ect Is Des irable 

There ia a strong tradition of international cooperation in the 
biological sciences that has greatly speeded the rate of scientific 
progres s  in the past . This tradition must continue in any human genome 
proj ect . Some portion of research on the human genome is bound to be done 
outs ide the United State s , mainly in Europe and Japan . One proj ect 
already started in Japan is supported by major industrial companies ,  
which intend to automate DNA sequencing at the rate of 1 million 
nucleotides per day . In Europe , developments in semiautomatic DNA 
sequencing at the European Molecular Biology Laboratory in Heidelberg have 
resembled those at the California Institute of Technology . Work on new 
methods for phys ically mapping complex genomes ,  including the human 
genome , is progressing in Cambridge and London . In addit ion , extens ive 
research on human genetics is underway in several European countries .  The 
reference set of 40 families collected by the Centre d ' Etude Polymorphisme 
Humain and used throughout the world for mapping RFLPs vas established in 
Paris , whence reference cells and DNA are distributed worldwide . GenBank 
in the United States currently shares on a 50 : 50 bas is the collection and 
entry of DNA sequence data with the EMBL Data Bank in Heidelberg . 

These examples suggest that the United States does not and cannot 
expect to monopolize information and innovation in this field . Moreover , 
the initiation of a human genome proj ect in the United States will 
probably not deter work in other countries ,  but rather will st imulate it . 
Given this assumption , the importance of past tradit ions , and the 
magnitude of the task of mapping and sequencing the ent ire human genome , 
every effort should be made to enhance the existing contacts between 
United States laboratories and those overseas , so as to speed the work . 
Indeed , ve believe it will become neces sary to have some maj or organized 
mechanism for internat ional cooperation . In part icular , its obj ect ive 
would be to collate data and ensure rapid access ibil ity to it , as well as 
to distribute materials , such as cloned DNA fragments .  

Manaaing a Hum•n Genome Pro 1 ect 

The human genome proj ect presents complexit ies of organization and 
management at both the sc ient ific and policy levels . At the biological 
level , the proj ect differs from convent ional biological research in that 
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it must be coordinated in terms of mapping , definition of overlapping 
coamida , distribution of DNA clones , sequencing , technology development , 
and data base des ign . At the policy and funding level , a number of 
governmental and private foundat ions will probably be involved . For these 
reasons , it is imperative to design a management system that will provide 
oversight , coordination , review of progress , and forward planning . The 
committee vas convinced of the need for strong leadership for the proj ect , 
and presents three possible management plana . We also recognize that the 
management of the human genome proj ect may need to evolve as the proj ect 
evolves , as have management mechanisms for s imilar proj ects with federal 
research support . 

Tbree Poss ible Organizational Plans 

Briefly summarized , each of the poss ible organizational plana 
( des ignated A, B ,  and C) includes a Sc ientific Advisory Board , but differs 
in the administrative and funding leadership . In plan A a s ingle federal 
agency serves as the lead for the proj ect . This agency , which would be 
ass isted by a Sc ientific Advisory Board composed of ezperta who provide 
sc ientific advice for the proj ect , would be respons ible for all aspects of 
the proj ect . 

In Plan B an Interagency Committee , cons isting of representatives of 
the Nat ional Inst itutes of Health (NIH) , the Department of Energy (DOE) , 
the Nat ional Sc ience Foundat ion (NSF) , and other federal agenc ies 
interested in the proj ect , would be responsible for all aspects of the 
proj ect . The Interagency Committee would be ass isted by a Scientific 
Advisory Board that would provide advice on the proj ect , as in plan A .  

In Plan C ,  an Interagency Committee would have the ultimate 
respons ibility for the coordination and funding of the activit ies to be 
supported , while a s ingle agency would be respons ible for the daily 
administration of the proj ect . In this plan , a Scientific Advisory Board 
would provide advice to both the Interagency Committee and the 
administrat ive agency . 

Each of these management plans has advantages and disadvantages .  
Although the primary charge to the committee vas not to develop an 
organizational plan , and decis ions on management organization include 
cons iderations outs ide the committee ' s  areas of ezpertise , a maj ority of 
the committee members favors plan A ,  which therefore is presented in the 
greatest detail . 

Organizational Plan A ;  A Lead Agency and a Sc ient ific Advisory Board 

Tbe Human Genome Pro 1 ect Should Be Ass igned to a H&1or Federal Agency . In 
this plan the human genome proj ect would be s ited within a federal agency 
as an independently funded endeavor . This would place both the 
responsibility and the operation of the proj ect within a s ingle unit . 
Already there are aspects of the human genome proj ect being supported by 
three federal agencies , NIH , DOE , and NSF . Each of these agencies has the 
potential capability to provide an effective home for the proj ect . 
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Although the committee did not feel it was its role to des ignate a 
lead agency , it did discuss some of the merits of each agency . The NIH is 
the maj or agency today supporting research on the structure and 
funct ioning of DNA . It is also the agency with the mandate to foster 
biomedical research in the United States . It has a long history of 
suc cessful support of peer - reviewed eztramural research , successful 
intramural laboratories on the RIB campus , and has been involved in the 
overs ight of large proj ects in biology , such as the viral cancer program . 
Recently , the NIH has shown interest in establishing a human genome 
proj ect . DOE has successfully managed many important proj ects for the 
phys ics community , has supported some l ife sc ience programs , has extens ive 
computer facilities for data management , and has expressed strong interest 
in overseeing the human genome proj ect . The NSF has been involved in the 
development of technology and instrumentation relevant to the human genome 
proj ect , in the general support of bas ic biological research , and has a 
well - established peer review system . 

Locating the proj ect within one agency does not mean that all the 
funding for the proj ect would flow from it or that sc ientists assoc iated 
with another agency would not be able to obtain funding . For ezample , 
even if DOE were not the lead agency , scient ists at the national 
laboratories and DOE grantees should be eligible to compete for research 
support relevant to the human genome proj ect . The same would apply for 
scientists at the NIH and NIH grantees , if NIH were not the lead agency . 

Scientific Advisory Board . Although the lead agency would have the 
ult imate authority and respons ibility for the funding and administrat ion 
of the proj ect , our committee believes that the overall sc ientific 
overs ight of the proj ect should draw upon the experience and be guided by 
a Sc ient if ic Advisory Board (SAB) made up predominately of scient ists with 
expertise in the methods and goals of the proj ect , and chaired by a 
ful l - t ime chairman who is a distinguished sc ient ist . We recommend that 
the members of the SAB be appointed by the lead agency for staggered 
terms . The chairman should be appointed for a fixed term with a 
possibility for reappointment and should be provided with a ful l - t ime 
staff suffic ient to carry out the directives of the lead agency and the 
SAB . The role ant icipated for the Board is somewhat stronger than that of 
a typical sc ient ific advisory board . 

The maj or respons ibil ities of the SAB include : 

• To fac il itate coordinat ion of the efforts of the many laboratorie s 
that are expected to part ic ipate in this effort . 

• To help assure the accessibil ity of all information and materials 
generated in the proj ect by advis ing on the overs ight of the data 
center and the stock center and recommending contracts where 
appropriate . It would oversee formation of standard terminologie s 
and report ing formats so that the large body of informat ion to be 
obtained can be readily communicated and analyzed by the ent ire 
scientific community . 
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• To monitor the quality of research by helping to assure a uniform 
standard of peer review . 

• To suggest mechanisms for strict quality controls on the sequence 
and mapping data collected . 

• To promote international cooperation . serving as a liaison to 
proj ects outside the United States regardless of their funding 
sources . 

• To make recommendations concerning the establishment of large 
sequencing endeavors .  thereby balancing focus with breadth . 

• To publish periodic reports stating progress , problems , and 
recommendations for research . 

Tbe Sc ientific Advisory Board Should Proyide Advice on the Peer Review 
Process  and on Coordination of the Pro 1 ect . A human genome proj ect cannot 
succeed unless the various mapping and sequencing efforts are 
coordinated . Standards must be set and the rapid distribution of 
materials and information must be facilitated . The failure of a unit to 
coordinate its efforts with others should j eopardize the support of the 
unit not in compliance . 

The lead agency and SAB should work closely in developing and 
implementing a high standard of peer review . After the committee 
cons idered several options . it concluded that this system would function 
best if the SAB were involved in monitoring the evaluation of proposals 
for funds . After consideration of the advice of the SAB , the lead agency 
would then fund selected applications . 

Tbe Scientific Advisory Board Wguld lequire lundtng . To be effective , the 
SAB must be adequately funded . Although the lead agency would provide 
much of the money for the SAB . private foundations and institutes should 
be encouraged to help support it . An appropriate mechanism for merging 
private and federal funds for this purpose would have to be developed .  
If , in addition to its role as scientific advisor and coordinator , the SAB 
is ass igned such tasks as oversight of peer review panels . funds will have 
to be provided to it for these purposes . 

Organizat ional Plan B :  An Interagency Committee and Scientific Advisory 
Board 

Tbe Interasency Committee . Three government agencies can potentially play 
leading roles in the human genome proj ect : The National Institutes of 
Health (NIH) because of their central responsibility for human biomedical 
research and their exemplary peer-reviewed extramural grant programs ; the 
Department of Energy (DOE) because of its interest in the proj ect and 
experience in data management and the management of large - s cale proj ects ; 
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and the National Science Foundation (NSF) because. of ita commitment to 
technology development and bas ic research support of biology across the 
discipline . Private foundations and institutes may also be interested in 
involvement in the proj ect . 

In this plan the above 
Interagency Committee ( IAC) 
interested in the proj ect . 
between the three principal 
proj ect . 

three governmental agencies would form an 
that also includes members from other agenc ies 
The chairmanship of the IAC might rotate 
agencies (NIH , DOE , and NSF) involved in the 

This IAC would be respons ible for overall administrat ion of the 
proj ect , including funding of research programs and supporting services ; 
administration of a common peer review process , the stock center , and the 
data center ; and the appointment of and response to a Sc ient ific Advisory 
Board ( SAB) . Because funding for this proj ect may come from several 
agencies it is important that the Interagency Committee be respons ible for 
the coordination of the funding . Each year the committee should develop a 
total proj ect budget and determine what the contributions of each of the 
agenc ies will be to the proj ect . Representatives of each agency can then 
request the funds required for the proj ect from the administration and the 
respective appropriations committees . 

The Scientific Advisory Board would assume a role s imilar to that 
outlined in organizational plan A ,  except that it would of course advise 
the Interagency Committee rather than a lead agency . 

Oraanizational Plan C :  Interaaency Committee . Administrative Aaency . and 
Scient ific Advisory Board 

In this final proposed plan aspects of organizational plans A and B 
are combined to form a three-part administrative structure . 

Tbe Interagency Committee . As discussed under organizational plan B ,  an 
Interagency Committee would be established to oversee the proj ect . It 
would be ultimately respons ible for the coordination and funding of the 
activit ies to be supported , the administration of the peer review proces s , 
the research program , the stock center , and the data center . It is 
expected that this committee , which would provide the administrative and 
the funding lead for the proj ect , would pay close attention to the 
recommendations of the Scientific Advisory Board and the administrative 
agency . 

Tbe Administrative A2encv . In this plan , one of the member agenc ies of 
the Interagency Committee would act as the administrative agency 
respons ible for the daily administrat ion of the proj ect . This agency 
would be involved in the administrat ion of funds and other administrat ive 
aspects of the proj ect , such as the operat ion of the stock center and the 
data center . Quest ions and inquiries about the proj ect would be directed 
to this agency which would serve the important role of clearinghouse for 
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the effort . This aaency would help to guarantee that the proj ect is 
well-run , and that the necessary details in the operation of this 
larae - scale proj ect are completed . 

The administrative aaency would work closely with the SAB in 
developtna and tmplementina a hiah standard of peer review . This aaency 
would arranae the administrative details of the peer review process , while 
the SAB would monitor the initial evaluation of arant and contract 
proposals . After the assignment of a priority number to each arant and 
contract ,  the Interaaency Committee would select the applications to be 
funded . 

The Scient ific Advisory Board in this oraanizational plan will have 
s imilar responsibilit ies to those outlined in plan A , but will advise both 
the Interaaency Committee and the administrative agency . 
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CHAPTER. 8 

IMPLICATIONS FOR SOCIETY 

The applications and implications for biology and medicine of a 
proj ect to map and sequence the human genome have been mentioned often in 
this report . In this final chapter we discuss some of the other issues 
for society , including the commercial , legal , and ethical implic&'tions of 
such a proj ect . 

COMK!RCIAL AND LEGAL IMPLICATIONS 

Happing and sequencing the human genome will result in new 
information and materials of potential commerc ial value , for example , 
c lones that encode previously undiscovered hormones ,  growth factors , or 
mediators of immunity . The commercial value of these resources raises 
questions concerning possible copyright protection of the data and 
ownership of the intellectual property and materials generated by 
participants in the human genome proj ect . Should it be poss ible to 
copyright sequences from the human genome and , if so , by whom? Should a 
central agency of the government own the patents for new materials , such 
as DNA clones generated by this proj ect? What are the implications for 
international collaboration? Because these are complex issues requiring 
study by scientists , lawyers , and policymakers , the committee believes 
that they should be given prompt study by an independent body . It is 
important to resolve the legal issues concerning the conduct of the human 
genome proj ect . Absolutely essent ial to the success of the proj ect will • 

be cooperation between laboratories and centers - -within the United States 
and internationally- - and the ready availability of data and materials to 
all participants . This committee believes that human genome sequences 
should be a public trust and therefore should not be subj ect to copyright . 

EtHICAL AND SOCIAL !MPLICATIQNS 

Whatever ita scientific merits , a concerted effort to map and 
sequence the human genome would have profound social s ignificance . Human 
beings are fasc inated with the reasons we are what we ,are , both for what 
those reasons tell us about ourselves and for the ins ights they give us 
into those around us. In this context , the prospect of a complete 
biological book on humankind provokes both excitement and concern and 
raises philosophical and ethical questions . Three sorts of questions seem 
particularly important to reflect upon in advance of any genome mapping 
and sequencing effort : How should the proj ect proceed? How should the 
information be interpreted? To what use should the resulting information 
be applied? None of these are new quest ions for human genetic ists . In 
fact , the ethical and social challenges presented by a human genome 
mapping and sequencing proj ect are largely the same as those already 
addres sed by scientists , clinicians , patients , and policymakers in other 
settings (Macklin , 1985) . Still , the scale and s ignificance of this 
proj ect require that these quest ions be carefully as sessed in this 
context . 
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Copdqctina a Genape Happing and Sequencing lro1 ect 

The ethical considerations involved in conductina this proj ect are 
shared by those conducting any biomedical analysis of human tissue . One 
cons ideration concerns privacy and confidentiality . The privacy and 
autonomy of the individuals who contribute the material studied must be 
protected . Por most research in this proj ect , this goal is easily 
accomplished : The isolated cell lines and genetic materials analyzed will 
come from a wide variety of sources , throuah standard channels designed to 
preserve the confidentiality of the contributors and ensure that their 
participation be voluntary (Bouse Committee on Science and Technology , 
198 6 ) . However , where family histories are studied to produce genetic 
linkage maps , geneticists will sometiaes face ethical dilemmas over 
maintaining confidentiality or disclosing research findinas to a relative 
discovered to be at risk for genet ic disease . Again , this is not a new 
problem for human genetic ists ( Capron , 1979) . As the mapping research 
proceeds , it will become increasingly important to reconfirm the 
genet ic ist ' s  traditional willingness  to take on the burden of 
respons ibility in decisions to break confidentiality and to consider such a 
break only when the probability is high that serious , avoidable harm would 
otherwise come to identifiable individuals ( Pres ident ' s  Commission ,  1983) . 

Interpreting the Kedical Implications of Genetic Information 

Happing and sequencina the human genome could provide a great deal of 
new knowledge about the genetic bas is of human disease . However , the 
effects of that knowledge will be highly colored by the way its practical 
implications are interpreted . Without careful interpretation , information 
that links particular ganes with disease can have harmful consequences for 
the people who carry those genes , quite apart from the disease itself . 

Por example , without clear guidance it would be easy for people to 
misinterpret stat istical correlations between clinical diseases and 
particular genetic markers , so that they take the discovery of the marker 
to be diagnostic of the disease . Genetic susceptibilit ies , 
predispositions , or risks for disease are variable and sometimes ambiguous 
concepts (Lappe , 1979a) . If interpreted too strongly , preventive efforts 
could force certain groups or individuals to assume the social and 
psychological burdens of the affl icted unnecessarily . Por example , only 
0 . 10 percent of those who have the BLl B 27 marker associated with 
ankylos ina spondylitis will ever develop the disease (Lappe , 1979b) . That 
association , however , could he ighten the anxieties and affect the plana of 
many more people if it is misunderstood or overstressed . 

These misinterpretations can also affect our social policies . Because 
of the connection we make between our genetic constitutions and our 
identities as individuals , diagnoses that trace diseases to our genes can 
also convey stigma and set the stage for soc ial prejudice (Ablon , 1981) .  
It will be the burden of the researchers to interpret the correlations they 
draw as clearly as poss ible , to avoid s implistic associations between 
genetic markers and clinical conditions , and to educate clinicians and the 
public about the actual implications of the ir findings for individuals . 
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Moreover , even where prognostic information about disease is 
interpreted correctly , it may still be clinically problematic . Where there 
is no effective therapy , new abilities to detect diseases in advance of 
their onset create harder choices for clinicians and patients . As we 
ezplore the human genome , more people will be faced with the dilemma that 
nov faces those at risk from Huntington ' s  disease : Is it better or not to 
know one ' s  fate when it is out of one ' s  control? At the same time , the 
very discoveries that exacerbate those dilemmas will also be crucial s teps 
in developing of the new therapies that can help resolve them . It will be 
important as the proj ect proceeds to pursue those steps and attempt to 
narrow , rather than widen , the gap between our abilities to 
diagnose and treat disease (Fletcher and Jonsen , 1984) . 

Tbe Use and Abu•• of a Complete Genome MaP 

Probably the most contentious set of social problems resulting from a 
human genome proj ect would be in the use of its findings . As a by-product 
of the proj ect , a great number of new diagnostic tests for specific traits 
and conditions will become available . The scientific and medical 
communities will receive an increas ing variety of screening requests , 
ranging between those from couples making reproductive decis ions to those 
from employers planning personnel policies . The is sues they will face in 
cons idering those requests again return to the very personal nature of the 
information the screening tests yield : Is it ever appropriate to screen an 
individual for the benefit or profit of some other person or inst itut ion? 

The most controvers ial applications of the new genetic screen would be 
their use by industries and insurance companies to identify individuals who 
might be occupational or insurance risks (Murray , 198 3 ) . As the human 
genome proj ect proceeds , the ongoing discuss ion of these practices ,  and the 
need for sound social policy about them , will only intensify . Questions 
about protecting individual autonomy , the ownership of genetic informat ion ,  
and the interpretation of map-based medical prognoses will figure heavily 
in this discus s ion .  To a large extent , any changes in social policy will 
reflect the ways those same questions are addressed by the scientific 
community in conducting the proj ect . 

Ethical questions about the appropriate use of genetic information may 
also be raised within the more intimate c ircle of the nuclear family . For 
example , are there limits on the traits that parents may decide the ir 
children must have ? Traditionally , these limits have been set at the 
boundaries of the pathological conditions ; screening requests for traits 
that have no pathological import , such as the sex of the child , are usually 
denied (Juengst , 198 7 ) . Yet the boundaries of condit ions that might be 
regarded as pathological are vague . As genetic markers become ava ilable 
for an increas ing range of traits , the abil ity to ident ify those markers 
prenatally will present difficult dec is ions for clinical genetic ists : What 
levels of disease suscept ibility or risk warrant prenatal diagnosis ? Are 
prenatal tests for somatically correctible genetic defects , diseases with 
late onset , or minor defects appropriate? 
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Once again . these questions are not unique to the effort to map and 
sequence the human genome . They are all questions already presented to 
clinicians . geneticists . and prospective parents by current diagnostic 
techniques . By making an increas ingly vide range of screening testa 
available , however , the human genome proj ect ia likely to increase the 
frequency with which these questions arise and the need for settled 
profe.as ional and social approaches to them . Fortunately . in the 
development of social policy and professional ethics with regard to these 
questions . it ia already poss ible to draw on the resources of a large 
literature base and lively public discuss ion ( for example . see Hilunaky and 
Annas . 1985 ) . Important steps toward social consensus on the iaauea have 
even taken place at the national level . For example . the reports of the 
Pres ident ' s  Commiss ion for the Study of Ethical Problema in Medicine and 
Biomedical and Behavioral Research ( 1982 , 198 3 )  already offer a useful 
orientation that can help meet the ethical challenges that mapping and 
sequencing the human genome would present . 

Finally . it should be noted that RFLPs will continue to be developed ,  
mapa will be made , and genetic counseling will occur even without a 
concerted effort to map and sequence the human genome . The greater 
coordination and quality control that will result from a concerted effort 
will in fact benefit the public by reducing the chance of misuse of poorly 
organized information . 
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GLOB SAllY 

The followina have been taken directly or .odified from definitions 
in A Dictionary of Genetics , 3rd edition , by IDbert c . .  �tng and William D .  
Stansfield , Ozford Univers ity Pres s , Rew York , 1985 , with peraias ion from 
the publisher . 
Allele - -One of a aeries of poss ible alternative foraa of a aiven sene , 

differina in DNA sequence and affectina the functionina of a s ingle 
product (BRA and/or protein) . 

�- - Complementary DNA produced from a BRA template by the action of 
BRA- dependent DNA polymerase (reverse transcriptaae ) . 

Cbromosome- - ( 1 )  In prokaryotes ,  the circular .DNA molecule containing the 
entire set of genetic instructions essential for life of the cell . ( 2 )  
In the eukaryot ic nucleus , one o f  the threadlike structures cons isting 
of chromatin and carryina aenetic information arranaed in linear 
sequence . 

Clone - - .( 1 )  A aroup o f  genetically identical cella or organisms all 
descended from a s ingle common ancestral cell or oraaniam by mitos is in 
eukaryote& or by binary fission in prokaryotes . ( 2 )  Genetically 
enaineered replicas of DNA sequences . 

Codon- -The nucleotide triplet in messenger BRA that spec ifies the amino 
acid to be inserted in a specific pos ition in the foraina polypeptide 
during trans lation . 

Cosmid- - Plasmid vectors des ianed for cloning lara• fraaaents of eukaryot ic 
DNA . 

Cros sina oyer- -The exchange of genetic material between homologous 
chromosomes .  

Cytoaenetics - -The science that combines the methods and findinas of 
cytology and genetics . 

ElectrQpbpresis - -The movement of the charged molecules in solution in an 
electrical field . The solut ion is aenerally held in a porous support 
medium , such as filter paper , cellulose acetate (rayon) , or a gel made 
of starch , agar , or polyacrylamide . Electrophores is is aenerally used to 
separate molecules from a mixture on the bas is of differences in net 
electrical charge and also by s ize or geometry of the molecules , in a 
manner that depends on the characterist ics of the ael matr ix . The 
"SDS - PAGE" technique is a method of separatina proteins by expos ing them 
to the anionic detergent sodium dodecyl sulfate (SDS ) and polyacrylamide 
gel electrophoresis (PAGE) . When SDS binds to prote ins , it breaks all 
noncovalent interact ions so that the molecules assume a random coil 
configuration , provided no disulfide bonds exist ( the latter can be 
broken by treatment with mercaptoethanol) . The distance moved per unit 
of time by a random coil follows a mathematical formula that takes into 
account the molecular weight of the molecule , from which the molecular 
we ight can be calculated .  
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IKQD- -A portion of split gene that is included in the transcript of a gene 
and that survives process ing of the RNA in the cell nucleus to become 
part of a spliced messenger of a structural RNA in the cel l  cytoplasm . 

Fingerprint technique - -A method of combining electrophores is and 
chromatography to separate the components of a prote in hydrolysate . 

�- -A hereditary unit that , in the class ical sense , occupies a spec ific 
pos ition ( locus ) within the genome or chromosome ; a unit that has one or 
more spec ific effects upon the phenotype of the organism ; a unit that 
can mutate to various allelic forms ; a unit that recombines with other 
such units . 

Genome- -A term used to refer to all of the genes carried by a s ingle 
gamete ( i . e . , by a s ingle representative of each of all chromosome 
pairs . )  

Intrqn- - In split genes a segment that is transcribed into nuclear RNA , but 
is subsequently removed from within the transcript and rapidly degraded .  
Host genes in the nuclei of eukaryotes contain introns , and so do 
mitochondrial and some chloroplast genes . 

Link&ge map- -A chromosome map showing the relative pos itions of the known 
genes on the chromosomes of a given species . 

Oligouucieotide - -A polymer made up of a few (between 2 and 10) 
nucleotides .  

Open reading frame - -Regions in a DNA molecule where success ive nucleot ide 
triplets can potentially be read as codons specifying amino ac ids and 
where the sequence of these triplets is not interrupted by stop codons . 

Polymorphism- -The existence of two or more genetically different classes 
in the same interbreeding population (Rh- pos it ive and Rh-negative 
humans , for example ) .  

Recombination- -The occurrence of progeny with combinations of genes other 
than those that occurred in the parents as a result of independent 
assortment or cross ing over . 

Restriction fragment length polymorphisms- -Variations occurring within a 
spec ies in the length of DNA fragments generated by a spec ific 
endonuclease . Such variations are generated by mutat ions that create or 
abol ish recognition s ites for these enzymes . For example , restriction 
endonuclease mapping of human structural genes for beta hemoglob in 
chains has shown that parents with the s ickle cell mutat ion produce 
abnormal res triction fragments .  

Reverse transcription- -DNA synthes is from an RNA template , mediated by 
reverse transcriptase . 

Somatic cell - -Any cell of the eukaryotic body other than those des t ined to 
become sex cells . In diploid organisms , most somat ic cells contain the 
21 number of chromosomes . 

Stop codon- -A ribonucleotide triplet s ignal ing the terminat ion of the 
translat ion of a protein chain . 
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APDDIX B 

CUUICULA. VITAE OP' COJOIITTE! K!HB!llS 

BRUCE ALBERTS received a Ph . D .  decree from Harvard Univers ity and is a 
professor of biochemistry at the Univers ity of California , San Franc isco . 
He is a member of the Rational Academy of Sc iences and conducts research 
on the structure and function of natural DNA-protein complexes , the 
chemistry of DRA replication , and eukaryotic sene activation . 

DAVID BOTSTIIR holds a Ph . D .  decree from the Univers ity of Michiaan and 
serves as a profes sor of aenetica at the Massachusetts Institute of 
Tecbnoloay . He is a member of the Rational Academy of Sciences and 
conducts research on the aenetics of the cytoskeleton and cell cycle in 
yeast , secretion of proteins in yeast and bacteria , and the use of DNA 
polymorphism& to construct linkaae mapa in humans . 

SYDNEY BRENNER was educated at the Univers ity of the Witwatersrand and 
Oxford Univers ity (D . Phil . )  and is now a member of the sc ientific staff of 
the Medical Research Council Laboratory of Molecular Bioloay and a fellow 
of Kinas Colleae , Cambridge . He is a fellow of the Royal Soc iety ,  a 
fore ign as sociate of the Rational Academy of Sc iences , and a rec ipient of 
the Lasker award . His research interests include molecular bioloay of 
development and gene mapping and sequenc ing . 

CHARLES CANTOR received a Ph . D .  in phys ical chemistry from the Univers ity 
of California , Berkeley and is now a profes sor and chairman of genetics 
and development at the Columbia Univers ity College of Phys ic ians and 
Surgeons . His research focuses on methods for handline very large nucleic 
ac ids and proteins and on the structure of complex nucleoprote ina , such as 
chromosomes and viruses . 

RUSSELL DOOLITTLE earned his Ph . D .  degree from Harvard Univers ity and is 
now a professor of chemistry at the Univers ity of California , San Diego . 
A member of the Rat ional Academy of Sciences , he does research on the 
s tructure and funct ion of fibrinogen and the evolution of prote ins . 

LEROY HOOD holds an M . D .  degree from the Johns Hopkins Univers ity and a 
Ph . D .  decree from the Cal ifornia Inst itute of Technology , where he is now 
a professor of biology . He is a member of the Rat ional Academy of 
Sc iences and a rec ipient of the Lasker award . His princ ipal research 
interests are in the molecular bioloay of the maj or histocompatibil ity 
complex and the T - cell receptor genes , as well as the development of 
instrumentat ion for molecular biology . 
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VICTOR McKDSICE earned an M . D .  dearee from the Johns Hopkins 
Univers ity , where he is now a professor of medical aenetics . Be was 
for 12 years chairman of the Departaent of Medicine and 
phys ician- in - chief of the Johns Hopkins Hospital . Be is a member of 
the National Academy of Sciences and a fellow of the Royal Colleae of 
Phys icians (London) . Ria research is concerned with human aenetics . 

DANIEL NATHANS received the M . D .  dearee from Washinaton Univers ity 
and is nov a professor of molecular biolo17 and aenetics and senior 
investiaator of the Bovard Hushes Medical Institute at the Johns 
Hopkins Univers ity . Be is a member of the National Academy of 
Sciences and the recipient of a Nobel Prize in medicine . His 
research is focused on aenes involved in cell proliferation . 

MAYNARD OLSON earned his Ph . D .  in cheaistry at Stanford Univers ity . 
Be is currently a professor of aenetics at the Washinaton Univers ity 
School of Medicine , where he does research on the structure and 
function of eukaryotic aenes . 

STUART ORKIN received his M . D .  dearee from the Harvard Univers ity 
School of Medicine , where he is nov the Leland Fikes Professor of 
Pediatric Medicine and an investiaator of the Bovard Rushes Medical 
Institute . His aaj or research interests include aolecular aenetics 
and the biolo17 of human disease . 

LEON ROSENBERG received his M . D .  dearee from the Univers ity of 
Wiscons in . He currently serves as a professor and dean of the 
medical school at the Yale Univers ity School of Medicine . Be is a 
member of the Nat ional Academy of Sciences and the Institute of 
Medicine . Ria research on medical aenetics focuses on membrane 
function , mitochondrial enzymes , and inherited disorders of amino 
acid metabolism . 

FRANCIS RUDDLE received his Ph . D .  dearee from the Univers ity of 
Cal ifornia , Berkeley . Be is now a professor of bioloay and human 
aenetics at Yale Univers ity . He is a member of the National Academy 
of Sciences and conducts research on soaatic cell aenetics and 
differentiation . 

SHIRLEY TILGHMAN earned her Ph . D .  dearee in biochemistry from Temple 
Univers ity and is nov a professor of life sciences at Princeton 
Univers ity . Her own research interests include mammalian molecular 
aenetics . 
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.JOBR TOOZB receivecl hla Ph . D .  clear•• fr011 Lonclon Univers ity . Be is 
now the executive secretary of the luropean Molecular Bioloay 
Oraanization . Be conclucts research on the cell ancl .,lecular bioloay 
of secretion at the European Molecular Bioloay Laboratory in 
Beiclelbera • 

.JAMBS WATSON holcls a Ph . D .  clearee from Incliana Univers ity ancl 
numerous honorary clear••• · Be is clirector of the Colcl Sprlna Harbor 
Laboratory . Be receivecl the Lasker Prize ancl the Robel Prize in 
aeclicine . Be ia a aeaber of the Rational Acacleay of Sciences ,  the 
American Acacleay of Arts ancl Sciences , ancl a foreian •••ber of the 
B.oyal Society (Lonclon) • 
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APPERDIX C 

INVITED SPEAIEBS AT COMMITTEE MEETINGS 

Dr . Boward Bilofsky 
Bolt Beranek and Newman Inc . 

Dr . George Cahill 
Bovard Hughes Medical Institute 

Dr . Ellson Chen 
Genentech 

Dr . Robert Cook- Deegan 
Office of Technology Assessment 

Dr . George Church 
Harvard Univers ity 

Dr . Kay E .  Davies 
Univers ity of Oxford 

Dr . Ronald V .  Davis 
Stanford Univers ity School of Medicine 

Dr . Belen Donis -Kellar 
Collaborat ive Research , Inc . 

Dr .  Argiris Efstradiatis 
Columbia Univers ity Medical School 

Dr . David George 
National Biomedical Research Foundation 
Georgetown Univers ity Medical Center 

Dr . James Gusella 
Massachusetts General Hospital 

Dr . Patricia Hoben 
Office of Technology Assessment 

Dr . Ruth Kirschstein 
National Institute of General Medical Sciences/National Institutes of 
Health 

Dr . Eric Lander 
Massachusetts Inst itute of Technology 

Dr . Daniel Hasys 
National Library of Medicine/National Institutes of Health 
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Dr .  David Patterson 
Eleanor Roosevelt Institute for Cancer Research , Inc . 

Dr . David Saith 
Health Effects Research Division , U . S .  Departaent of Energy 

Dr . Alan Spradling 
Carnegie Institute 

Dr . Jean Weissenbach 
Institute Pasteur 

Dr . Bay White 
Boward Hughes Medical Institute , University of Utah 

Dr . John C .  Wooley 
Biological Instruaentation Program , National Science Foundation 

Dr . James Wyngaarden 
National Institutes of Health 
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