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Schematic representation of selected human
chromosomes, the cellular structures that
contain genes. Human cells contain 23 pairs
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bands, the result of chemical staining, are
used as visible landmarks for locating
genes. Lines to the right of each chromo-
some mark positions where genetic markers
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preparation of the OTA and NRC reports and presents a plan for the human
genome program, with emphasis on the next five year period. Because the two
agencies have been collaborating closely for the past two years in the management
of the program, this plan was prepared jointly by the NIH and the DOE. The

agencies plan to revise the plan approximately annually, based on the latest
scientific developments.





















A frequently asked question is: whose genome will be sequenced? The answer is,
no one’s. The first complete human genome to be sequenced will be a composite
of sequences from many sources, most of these being cell lines that have existed in
laboratories all over the world for some time. The sequence will be a generic
sequence representative of humans in general and not of any particular individual.
The complete sequence will provide a standard against which other partial
sequences can be compared. It has been suggested that, due to the great variability
between individual human beings, a single sequence would not be very useful.

While it is true that much valuable insight will come from comparing many different
human sequences, the presumption is that functionally important DNA is conserved
among humans, just as it is between humans and mice in those areas that have
been studied. DNA regions of particular interest, such as genes involved in genetic
diseases, will be sequenced from many individuals in the course of research on those
diseases. As more information about the extent of genetic variation accumulates
from these and other studies in the next few years, it will be evaluated to determine
the impact on strategy for the human genome project.

Genetic Map

Genetic maps have many uses, including identification of the genes associated
with genetic diseases and other biological properties. Genetic maps also
form the essential backbone or scaffold needed to guide a physical mapping
effort.

Genetic maps are constructed by determining how frequently two "markers",
such as a physical trait, a particular medical syndrome, or a detectable DNA
sequence, are inherited together. Genes that lie close together on a
chromosome have a much higher chance of being inherited together than do
genes that lie farther apart. Genetic studies of families, to determine how
frequently two traits are inherited together, lead to the production of "genetic
maps" in which distance between genes is measured in centimorgans (in
honor of the American geneticist Thomas Hunt Morgan). Two markers are
one centimorgan apart if they are separated one percent of the time during
transmission from parents to children. The physical or molecular distance
to which a centimorgan corresponds varies a great deal, but the genome-
wide average distance for a centimorgan is believed to be roughly 1 million
base pairs.

The development of genetic mapping tools is prominent among the technical
advances that led to the Human Genome Initiative. The introduction of
DNA markers, such as restriction fragment length polymorphisms, or RFLPs,
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to detect genetic variation among individuals has been one of the most
important innovations. Such markers are relatively easy to find in large
numbers and have been used to construct genetic maps. In the past two
years, advances have continued in this area. New types of DNA markers
have been defined, and techniques, such as denaturing-gradient gel
electrophoresis, have been adapted to detect subtle variations in DNA
sequences. As a result, the number of useful markers has increased in the
past two years.

It is estimated that 3000 well-spaced and informative markers will be needed
to achieve a completely linked map, with markers an average of one
centimorgan apart as recommended by the NRC. For the first five years, the
genome program has set as its goal the creation of a 2 to 5 centimorgan
map, which would require 600 to 1500 such markers. Each marker should
be identified by a sequence-tagged site (STS) as defined in the section on
physical mapping. A working group has been established to develop a plan
for achieving this goal.

5 YEAR GOAL:  Complete a fully connected human genetic map with
markers spaced an average of 2 to 5 centimorgans apart.
Identify each marker by an STS.

Physical Map

The distance between sites on physical maps is measured in units of physical
length, such as numbers of nucleotide pairs. Physical maps can be
constructed in a variety of different ways. They are used as the basis for the
isolation and characterization of individual genes or other DNA regions of
interest, as well as to provide the starting material for DNA sequencing. The
ability to construct physical maps derives from recombinant DNA techniques
that allow the isolation and cloning of DNA fragments, the identification of
specific sequence markers on DNA, and the determination of the order of
and distance between such markers on a chromosome.

There are several kinds of physical maps, which can be categorized into two
general types. The cytogenetic map describes the order and spacing of
markers on a DNA molecule. Based on microscopic analysis, cytogenetic
maps record the location of genes or DNA markers relative to visible
landmarks on the chromosomes. This is the oldest type of physical map and
the resolution (precision in locating markers) is rather low, on the order of
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There are still several technological barriers to the rapid, inexpensive, and
routine construction of physical maps. One is the relatively short length of
DNA over which a continuous, or uninterrupted, set of overlapping clones
can be readily established. Contigs are typically small, consisting of between
two and six cosmid clones (a cosmid is a type of vector that can carry a
maximum of 40 thousand base pairs). To be more than minimally useful, the
length of DNA over which the physical map shows continuity, or
"connectivity," must be considerably longer.

A challenging but reasonable goal for physical mapping research projects is
to extend to about 2 million base pairs the length of a DNA segment that
can be covered by a single contig or spanned by a set of closely spaced,
ordered markers. If physical mapping of human chromosomes is to be
achieved within the next five years, it is important that current physical
mapping efforts give their highest priority to the problem of completing
maps, i.e. of achieving uninterrupted continuity of physical mapping data over
large regions of DNA.

Another difficulty faced by those trying to assemble physical maps of
chromosomes has been the inability to compare the results of one mapping
method directly with those of another and to combine maps constructed by
two different techniques into a single map. This problem is addressed by the
recent proposal of a new concept or definition of a useful physical map*
According to the proposed system, data from any of a variety of physical
mapping techniques can be reported in a common "language." In this system,
each mapped element (individual clone, contig, or sequenced region) is
defined by a unique "sequence-tagged site" or STS, which is basically a short
DNA sequence that has been shown to be unique. A map is then
constructed showing the order and spacing of the STSs.

The STS system, as proposed, appears to have several advantages. The STS
map can be represented electronically and stored in a database that is
publicly available and contains sufficient information to enable any scientist
to recover de novo any mapped chromosomal region in his/her own
laboratory. Thus, the proposed STS system will facilitate the scientific
community’s access to the human physical map. Quality control and project
accountability will also be improved because the mapping results reported by
any individual laboratory can readily be checked elsewhere.

*Olson et al., Science 245:1434 (1989). The authors of this paper were members of
the original NRC Committee on Mapping and Sequencing the Human Genome.
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Access to mapped DNA through the information in the STS database will
obviate the need for an expensive, long-term, centralized repository of clones,
although it will not eliminate the need to generate and map such clones nor
the need to store them in and distribute them from the laboratory in which
they are produced. The proposed STS system will also facilitate the
integration of results from different laboratories, regardless of the methods
used, to produce a single, useful physical map and will establish a uniform
criterion for determining how complete the map of a particular region is.
Finally, an STS map may in the future be the appropriate starting point for
DNA sequencing.

The STS proposal is still under discussion in the scientific community and
few, if any, mapping projects have started to use the STS system. Another
uncertainty is the additional cost of generating STS markers. NIH and DOE
have established a joint working group to develop more detailed plans for
testing and implementing the STS approach to physical mapping.

Over the next five years, in addition to generation of STS maps, efforts
should be continued to generate complete contig maps of large regions of
the human genome. Because current technology is not yet sufficient for this
task, however, it is unclear what fraction of the genome can be cloned and
ordered during this time. An STS map, with one STS characterized
approximately every 100,000 base pairs, is an achievable goal. Such a map
will assist continued efforts to isolate the intervening DNA.

5 YEAR GOAL: Assemble STS maps of all human chromosomes with
the goal of having markers spaced at approximately
100,000 base-pair intervals.

Generate overlapping sets of cloned DNA or closely
spaced unambiguously ordered markers with continuity
over lengths of 2 million base pairs for large parts of the
human genome.

DNA Sequencing

Three decades ago when Francis Crick and James Watson elucidated the
double helix structure of DNA, there was no way to determine the sequence
of even short DNA molecules. Only years later, with the advent of
recombinant DNA technology in the early 1970s, was it possible to think of
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created. This will then lead to the development of a physical map that can be
directly compared with the human physical map.

The general methodology used in studying model organisms will be similar to that
described under the previous sections on mapping and sequencing. The need to
achieve long range continuity in physical mapping and sequencing projects also
applies to model organisms, as do the requirements for reducing costs.

5 YEAR GOAL: Prepare a genetic map of the mouse genome based on DNA
markers. Start physical mapping on one or two chromosomes.

Sequence an aggregate of about 20 million base pairs of DNA
from a variety of model organisms, focusing on stretches that
are 1 million base pairs long, in the course of the development
and validation of new and/or improved DNA-sequencing
technology.

3. Informatics: Data Collection and Analysis

The direct product of the Human Genome Initiative will be genome maps and
DNA sequences. For maximum utility, it will be critical to develop appropriate
computer tools and information systems for the collection, storage, and distribution
of the immense amounts of mapping and sequencing data that will be generated in
the course of the program.

At present, it is not clear whether the most useful product of the Human Genome
Initiative will be a single large database or a distributed set of smaller, networked
databases. It is also unclear how genome databases will be structured in the future
and whether existing databases can be adapted to meet the overall, long-term needs
of the Human Genome Initiative, or whether new systems will have to be
developed. However, it is certain that genome databases will need to be
comprehensive and up to date, and, if there are several databases, it will be
imperative that they effectively link with one another.

In addition to database development, it will be vital to develop new methods and
tools for the analysis and interpretation of genome maps and DNA sequences.
Successfully addressing both of these areas of genome informatics will require the
development of a coordinated national program to make the information and
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The First Five Years
FY 1991-1995

Implementation

Administration of Research

Management Systems

A number of management devices have been put into place to facilitate the
administration of the human genome program. Both NIH and DOE have
advisory and coordinating committees that provide overall planning and
advice. These advisory committees have established a number of working
groups to study in detail specific aspects of the program. Such working
groups will be created as needed and will terminate as their work is
complete.

A newsletter available to all interested parties has been started by the DOE.
In the future, this newsletter will be published jointly by NIH and DOE.
DOE and NIH will also make available an electronic bulletin board for rapid
dissemination of information. Finally, an administrative database will be set
up to capture information on genome research worldwide and enable us to
track progress towards program goals. Cooperation between both agencies
is planned for all these projects.

Role of Research Centers

Attaining the goals of the Human Genome Initiative will require research
programs of varying magnitude and complexity. This nation’s pre-eminent
achievement in biomedical research is rooted in the traditional decentralized
system of support for projects initiated by single investigators and small
groups of scientists. Projects of this scope will contribute significantly to the
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While most of the research supported by the NIH genome program will
take place at academic, non-profit, or for-profit institutions across the
country, relevant intramural studies also will be considered for funding under
the program.

U.S. Department Of Energy

The genome program of the Department of Energy started in fiscal year
1987 on a small scale and received earmarked funds for the first time in
the fiscal year 1988 appropriation.

DOE’s genome activities are represented mainly by multidisciplinary
programs under way at three National Laboratories: Lawrence Berkeley
Laboratory; Los Alamos National Laboratory; and Lawrence Livermore
National Laboratory. Additional projects are supported at other National
Laboratories, at universities, and in the private sector.

Oversight of DOE human genome activities is provided by the Health and
Environmental Research Advisory Committee (HERAC). The Office of
Health and Environmental Research (OHER), assisted by a steering
committee representing the three National Laboratories and extramural
grantees, manages the program and administers grants and contracts.

Memorandum of Understanding

Mechanisms for the coordination of human genome activities between DOE
and NIH are specified in a 1988 Memorandum of Understanding. A joint
advisory subcommittee was established to monitor and coordinate programs.
Furthermore, there is extensive formal and informal interagency contact
between program administrators. Panels convened by DOE or NIH to
review genome research proposals, to assist in program coordination or to
provide advice, are attended by representatives of both agencies, and regular
joint workshops and meetings on genome-related issues are held.

The NIH and the DOE have had an excellent working relationship with
regard to the human genome program in the past and expect that this
relationship will become even closer and more useful in the future. The
establishment of a joint informatics task force, a joint working group on
ethical, legal, and social issues, and a joint mapping working group, in
addition to the joint advisory subcommittee called for in the MOU, attest to
the close cooperation. Additional joint working groups will be established
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Role of other Federal Agencies

Because the information to be derived from mapping and sequencing the human
genome will be of very broad interest and applicability, a number of other federal
agencies are involved in funding and carrying out activities related to the Human
Genome Initiative.

National Science Foundation

The National Science Foundation (NSF) is interested in the support of
projects focused on the scientific infrastructure for genome-related activities.
Specific NSF activities have included funding in FY 1989 of a science and
technology center dedicated to new technologies for DNA and protein
chemistry. NSF is also involved in development of new software and
algorithms for database searching and development of special-purpose
hardware to increase the speed of biological database searches. Recently,
the NSF decided to start a program for mapping and sequencing the genome
of the model plant system Arabidopsis thaliana in collaboration with NIH and
other agencies. This system will be an excellent one for developing and
testing technology. NSF representatives regularly attend the NIH advisory
committee and DOE steering committee meetings as liaison members to
assure coordination of the programs.

U.S. Department of Agriculture

A growing interest in mapping and sequencing the genomes of plants
important to agriculture and forestry led the U.S. Department of Agriculture
(USDA) to establish an Office of Genome Mapping after a planning
conference in December 1988. A coordinating committee was formed to
devise the goals and scope of USDA’s plant genome efforts, which are
planned to extend over 10 years at an estimated cost of $500 million. Plant
genes that confer pest and disease resistance as well as drought tolerance,
along with other gene systems of economic importance, will be selected for
mapping and sequencing.

The USDA’s Agricultural Research Service also has an active animal science
division that is interested in genome research. This is expected to be a
growing area within USDA. A liaison member from the USDA attends the
NIH Program Advisory Committee meetings and the DOE Human Genome
Steering Committee meetings, and NIH and DOE staff have attended the
various USDA planning meetings. As the USDA program proceeds, closer
ties will be established.
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Howard Hughes Medical Institute

The Howard Hughes Medical Institute (HHMI) has played an important role in
supporting research and databases of importance to the genome project. Both
DOE and NIH have worked with HHMI to coordinate activities and a
representative of HHMI has attended almost all functions sponsored by one or
both of the agencies. HHMI has been able to identify a role for itself in areas
that are difficult for federal agencies to support, such as the critical funding
provided to help the Human Genome Organization (HUGO) get started (also see
below).

International Collaboration

The Human Genome Initiative is not limited to the United States. Many countries
are interested in participating in the project and all are interested in the outcome.
Programs with funding are currently underway in the United Kingdom (UK), Italy,
and the Soviet Union. Funding is expected in the near future from the Commission
of the European Community (EC), France, and Japan. However, all these
programs are small compared to the U.S. program and are currently in the early
stages of organization.

An association of interested scientists from around the world has been formed and
incorporated as the Human Genome Organization. This organization plans to
develop a number of activities to assist with the international coordination of the
various national programs.

While NIH and DOE support HUGO and believe it could be most helpful as a
facilitator, international interaction is already proceeding well.  Individual
investigators have formed numerous collaborations across national lines, almost all
genome meetings are international in scope, and the staff responsible for the
management of the various national programs have established good lines of
communication.

For example, NIH staff has been represented at meetings of the EC Working Party
and planning meetings in the UK. Both NIH and DOE representatives have
attended planning meetings in Italy, Spain, the USSR, and Japan. The EC Working
Party and the Medical Research Council in the UK, as well as Canada, have sent
representatives to the NIH Program Advisory Committee meetings.
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Appendix 6

4] genome database structures, management, and services;

0 informatics tool development, including algorithms, software, and
hardware for organization and analysis;

0 data exchange standards;

0 electronic networks for collection and distribution of genome
information;

0 training and education of informatics personnel;

0 coordination of genome informatics activities among laboratories,

agencies and nations.

Membership and Representation on the JITF

The membership of the JITF, made up of recognized experts in the fields of
molecular biology and computer science from academia, government, and industry,
should be selected and approved by the DOE and NIH parent committees. The
members should be chosen particularly for their breadth of understanding of the
biological and computational issues facing the human genome project. The role of
the working group would be to provide general wisdom about computational issues,
and to provide access to particular knowledge about specific areas (eg., chip design,
genetic linkage analysis, object-oriented databases) by constituting special
subcommittees.  Although some effort should be made toward balancing the
expertise of working group members, the major focus should be on breadth,
perspective, and practical experience with related projects.

A standing working group of 8-10 members with overlapping and rotating terms
and a chairman reporting to the parent NIH and DOE committees is recommended.
Ad hoc advisory panels will be convened by the JITF to deal with specific technical
and policy issues. The JITF should represent the United States interest in dealings
with international informatics groups, such as the Human Genome Organization
(HUGO). Meetings of the JITF should be quarterly, or more frequently if
requested by the parent committees. Funding for the JITF activities should be
shared by the NIH and DOE. Representatives of other government (eg. NSF,
USDA, FDA) and private (eg. HHMI, HUGO) agencies with responsibilities and
activities in the area of genomic informatics should be invited to attend as liaison
members of the JITF.
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Near-term Goals

The immediate goals of the JITF will be to facilitate the implementation of the
objectives of the five-year plan for the human genome project, namely:

0 to support the rapid acquisition, database management, and public
dissemination of genetic maps and DNA and protein sequence
information;

o} to develop effective software and database designs to support

large-scale mapping and sequencing projects;

0 to create database tools that provide easy access to up-to-date
physical mapping, genetic mapping, chromosome mapping, and
sequence information that also allows ready comparison of data among
these datasets.

Future Goals

We outline here our current perceptions of some of the informatics issues to be
considered by the JITF regarding database connectivity, informatics coordination,
and networking. With the goals of expediting biological research by facilitating the
sharing of data and software, the JITF must address issues of standardization of
nomenclature, data exchange, and communication network protocols as well as
database schema integration.

Connections Between Databases

For each of the 24 unique human chromosomes, the DNA sequence constitutes a
unique line of connectivity to which other physical, structural, and genetic data are
~ referenced. Datasets collinear with the nucleotide sequence include:

o the physical maps

o ordered clone maps

o the genetic map

o the cytogenetic map

o polymorphisms

o experimentally identified genes

o protein-coding sequences

o links to protein structure databases
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modularization of hardware and OS dependencies, the use of common languages,
such as FORTRAN or C, and the provision of programmatic interfaces to all
significant "back-end" functionality, so that a new interface can easily be pasted onto
a different machine.

At present, mapping and pilot sequencing efforts in the human genome program
are quite individualistic, so the goal of adopting a completely general software
package in not realistic. This means that multiple software systems will be
developed. Since only five or six institutions currently combine both the biological
and the computational expertise needed for the human genome program, these
institutions should be supported at a level that will allow efficient progress in the
development of parallel, hopefully complementary, informatics packages that could
be implemented and beta-site tested by groups without this expertise.

Only after considerable experience is gained, and efforts at different locations are
compared, will it be possible to select those software approaches that merit
reworking to a point where they can be more broadly distributed and implemented
at many sites. This unification will form the major challenge of the informatics
component in the middle stage of the human genome project.

Tools for Analysis of Map and Sequence Data

Analysis tools are in fact needed at all stages of the genome project. For example,
in the construction of contigs and restriction maps for clone fingerprint data, we
already need more powerful methods of analyzing redundant, even conflicting, data
from multiple overlapping clones. At present, the most powerful method for
predicting the function of an unknown sequence is by comparison with all known
sequences, and a sophisticated algorithm like FASTA with GenBank can now take
on the order on an hour. However, as the database grows a hundred-fold or more
in the later stages of the genome project, better algorithms and hardware will be
needed for such comparisons. In addition, as the sequence data become abundant,
understanding their biological significance will also require improved methods for
predicting functional genes, regulatory motifs, chromosome structural features, etc.
Thus the development of new and more powerful computational tools required for
assimilation and comprehension of the data to be generated in the human genome
program will be an integral part of the project. Accordingly, the JITF should
consider mechanisms to promote awareness of the needed tools among
mathematicians and computational scientists, and to ensure that new developments
in this area are promptly known and widely available to the genome community.
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Who will assume responsibility for service and maintenance of genomic
databases?

How can we best interact with the international scientific community
with whom we both collaborate and compete?
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Appendix 7

The working group was strongly supportive of a program that would anticipate
problems before they arise and develop suggestions for dealing with them that
would forestall adverse effects. The approach to accomplishing these objectives
should be several fold:

0 to stimulate research on the issues through grants;

0 to refine the research agenda through workshops, commissioned
papers, and invited lectures on specific topics selected by the working
group;

0 to solicit public input from the community-at-large through town

meetings and public testimony;

0 to support the development of educational materials for all levels;
and
0 to encourage international collaboration in this area.

Stimulate Research

The working group is eager to encourage investigators in the research community
to explore the wide range of issues pertinent to the human genome program.
Outcomes of this research may be used to develop educational programs, policy
recommendations or possible legislative recommendations.

In discussing the ethical, legal, and social consequences of the Human Genome
Initiative, the working group deemed the following topics to be of particular
importance and will strongly encourage research in the following areas.

1. Fairness in the use of genetic information with respect to:

0 insurance (acquisition and maintenance of health, life, disability,
catastrophic, long-term care, and automobile insurance coverage)
employment (equal access)

the criminal justice system

the education system

adoptions

the military

any other areas to be identified

O o0Oo0Q0CQOOo
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It is suggested that NIH collaborate with NSF to develop model curricula that
would be appropriate for the following groups: students at all levels, the newsmedia,
medical practitioners, genetic counselors, scientists, teachers, and groups targeted
for genetic services. Because NSF has experience in curriculum development, the
working group believes that co-funding of appropriate NSF programs would be an
efficient way for NIH to accomplish its goals in this area. In addition, a program
of individual postdoctoral fellowships, such as those funded in the scientific
components of the human genome project, are recommended for support of
individuals who have doctoral degrees in biomedicine and want to pursue studies
in the ethical, legal, or social aspects of human genome research or vice versa.

Additional activities that should be pursued are:

0 short courses in ethical,.legal, and social aspects of human genome
research for scientists; and

0 short courses in genomics for scholars from the humanities who want
to do research on the ethical, legal and social implications of the
genome project.

International Collaboration

The working group supports the concept of international collaboration in this area
under guidelines similar to those for biomedical research on the human genome.
Collaborative projects should be supported by funds from all the participants in the
collaboration. The Human Genome Organization (HUGO) could play an obvious
role in this area, which would be welcomed.

The Human Genome Initiative will have a profound impact on the lives of people
in all countries, including those without genome research programs. Ideally,
representatives from all interested countries should participate in considering the
issues that will arise. An international organization, such as UNESCO, could
facilitate cooperation in this area.

Diseases and the suffering they cause respect no geographical boundaries. The
sharing of results from the Human Genome Initiative across geographical barriers
must be encouraged. Although differences exist cross culturally in the use of genetic
information, the working group hopes there are also sufficient similarities so that
its efforts can be useful to all.
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5. Research Training

5 Year Goal:

Appendix 11

Support research training of pre- and post-doctoral
fellows starting in FY 1990. Increase the numbers of
trainees supported until a steady state of about 600 per
year is reached by the fifth year.

Examine the need for other types of research training
in the next year.

6. Technology Development

5 Year Goal:

7. Technology Transfer

5 Year Goal:

Support innovative and high-risk technological
developments as well as improvements in current
technology to meet the needs of the genome project as
a whole.

Enhance the already close working relationships with
industry.

Encourage and facilitate the transfer of technologies and

of medically important information to the medical
community.
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Double helix: The shape in which two linear strands of DNA are bonded
together.

Electrophoresis: A method of separating large molecules (such as DNA
fragments or proteins) from a mixture of similar molecules. An electric current
is passed through a medium containing the mixture, and each kind of molecule
travels through the medium at a different rate, depending on its electrical charge
and size. Separation is based on these differences.

Escherichia coli (E. coli): A common intestinal bacterium geneticists have used
for many studies.

Gene: The fundamental physical and functional unit of heredity. A gene is an
ordered sequence of nucleotides located in a particular position on a particular
chromosome.

Gene mapping: Determining the relative locations of different genes on
chromosomes.

Genetic code: The sequence of nucleotides, coded in triplets along the mRNA,
that determines the sequence of amino acids in protein synthesis. The DNA
sequence of a gene can be used to predict the mRNA sequence, and the genetic
code can in turn be used to predict the amino acid sequence.

Genetic linkage map: A map of the relative positions of genetic loci on a
chromosome, determined on the basis of how often the loci are inherited
together. Distance is measured in centimorgans.

Genome: All the genetic material in the chromosomes of a particular organism;
its size is generally given as the total number of base pairs.

Genome projects: Research and technology development efforts aimed at
mapping and sequencing some or all of the genome of human beings and other

organisms.

Human Genome Initiative: An initiative whose goal is to map and sequence the
human genome. The concept was first formally proposed in 1986.

Human Genome Project: The implementation of the concepts
proposed as the Human Genome Initiative.
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Human Genome Program: The individual programs, such as those at DOE and
NIH, that make up the Human Genome Project.

Informatics: The study of the application of computer and statistical techniques
to the management of information. In genome projects, informatics includes the
development of methods to search databases quickly, to analyze DNA sequence
and to determine DNA structure from DNA sequence data.

Marker: An identifiable physical location on a chromosome (e.g., restriction
enzyme cutting site, gene, RFLP marker) whose inheritance can be monitored.
Markers can be expressed regions of DNA (genes) or some segment of DNA
with no known coding function but whose pattern of inheritance can be
determined.

Mass spectroscopy: A method of determining chemical structure based on the
mass of the molecule and derived fragments.

Messenger RNA (mRNA): A class of ribonucleic acid (RNA) whose role is to
carry the genetic code from the chromosome to the ribosome, the site of protein
synthesis.

Nucleotide: A subunit of DNA or RNA consisting of a nitrogenous base
(adenine, guanine, thymine, or cytosine in DNA; adenine, guanine, uracil, or
cytosine in RNA) a phosphate molecule, and a sugar molecule (deoxyribose in
DNA and ribose in RNA). Thousands of nucleotides are linked to form the
DNA or RNA molecule.

Physical map: A map of the locations of identifiable landmarks on DNA (e.g.,
restriction enzyme cutting sites, genes, RFLP markers). A physical map may also
be a set of overlapping clones, called a contig. Distance is measured in base
pairs. For the human genome, the lowest-resolution physical map is the banding
patterns of the 24 different chromosomes; the highest-resolution map would be
the complete nucleotide sequence of the chromosomes.

Polymerase chain reaction (PCR): An enzymatic reaction that precisely and
rapidly amplifies a small segment of DNA millions of times or more. The
reaction can start with one molecule of DNA.

Pulsed-field gel electrophoresis (PFGE): A type of gel electrophoresis in which

pulses of current are applied to the sample at various angles, enabling scientists
to separate and order by size extremely large segments of DNA.
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